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ABSTRACT
Sulphur Springs is an artesian spring and part of the limestone karst topography of metropolitan
Tampa, Florida, USA. Underlying this spring is an extensive cave system that hosts saltwater vents and
conspicuous microbial biofilm communities. For decades, water from Sulphur Springs has been extracted
and used to supplement public water supply and dry season flows in the Hillsborough River Estuary. This
dissertation describes research conducted at Sulphur Springs to determine the impacts of urban land use
on the underlying cave and downstream estuary ecosystems, and presents the use of this system as a
model to fill certain ecological knowledge gaps. Techniques from a wide array of disciplines were used to
address these questions, such as molecular biology, stable isotope geochemistry, hydrogeology, and
multivariate statistics. The introduction provides a brief background about the major anthropogenic
changes faced by groundwater-dependent ecosystems. The first chapter presents evidence for a
conceptual model that explains how seawater intrusion accelerated by groundwater extraction has
occurred at Sulphur Springs. The second chapter addresses knowledge gaps in the concepts behind the use
of microbial indicators in groundwater, and applies the microbial indicator tool to inform management
strategies at Sulphur Springs. The third chapter demonstrates how the use of extracted groundwater to
supplement riverine discharge impacts carbon fluxes in estuaries, and how groundwater extraction from
karst springs can change underlying cave ecosystems. The concluding remarks propose future directions
for ecological research in karst subterranean estuaries and coastal landscapes. Overall, this dissertation
demonstrates how anthropogenic activity can modify coastal groundwater and estuary ecosystems, and
emphasizes how local management strategies are causing fundamental ecological change at Sulphur
Springs.
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INTRODUCTION
GROUNDWATER-DEPENDENT ECOSYSTEMS AND GLOBAL CHANGE

Groundwater-dependent ecosystems face a changing world
Ecosystems that rely on a supply of groundwater to maintain their structure and function, termed
groundwater-dependent ecosystems, are both ecologically important and sensitive to environmental
changes. This ecosystem type, which includes springs, wetlands, aquifers, and many surface water bodies,
makes important contributions to the biodiversity of a region by providing habitat for endemic, relict, and
specialized obligate species (Humphreys 2006, Klove et al. 2011a). Groundwater-dependent ecosystems
also provide useful services to people. For example, they support globally significant sources of potable
and irrigation water, act as filters for nutrient and toxin loads, generate nursery habitats for economically
important game species, and are at the core of many recreational activities and cultural sites (Klove et al.
2011b, Stinnesbeck et al. 2018). However, because groundwater-dependent ecosystems tend to be isolated
from similar ecosystem types, and because public awareness of groundwater is low, they are particularly
vulnerable to anthropogenic disturbance (Klove et al. 2011a, 2011b, Jyvasjarvi et al. 2018).
Anthropogenic climate change and land use are major threats to the structure and functioning of
groundwater-dependent ecosystems, primarily because of how these processes influence aquifer recharge
(Green et al. 2011, IPCC 2014, Klove et al. 2014). Aquifer recharge is the balance between precipitation
and evapotranspiration, and in places where withdrawals exceed recharge rates, groundwater resources
are not renewable on timescales relevant to ecosystems and human societies (Klove et al. 2014). This
problem will be exacerbated by climate change, which is expected to decrease precipitation in many parts
of the world (e.g., continental interiors at low- and mid-latitudes), while simultaneously increasing
evapotranspiration rates (Green et al. 2011, Klove et al. 2014, Shahid et al. 2017). Many human land uses
1

depend on groundwater withdrawals and require careful aquifer management strategies to maintain this
resource (Shahid et al. 2017). One land use type that has a particularly complex relationship with aquifer
recharge is urbanization.
The world is rapidly becoming more urban, which puts stress on groundwater-dependent
ecosystems. From 1950 to 2018, the global urban population increased from 0.8 billion to 4.2 billion,
respectively accounting for 30% and 55% of the entire population (United Nations 2019). The world
population became more urban than rural beginning in 2007, and this urban dominance is projected to
increase through 2050, when 68% of the entire population is expected to be living in urban areas (United
Nations 2019). Groundwater response to urbanization is complex. While aquifer over-exploitation and
dewatering for infrastructure development lowers groundwater levels (Klove et al. 2011b), intense
urbanization is often associated with rising groundwater levels (Sharp 2010). This is because many urban
land uses increase aquifer recharge rates, such as the construction of impervious land cover which
decreases evapotranspiration rates, over-watering of lawns and playing fields, implementation of aquifer
storage strategies, introduction of imported water, and leakage from water management systems (Sharp
2010). Due to increases in aquifer recharge caused by urban land use, urban groundwater-dependent
ecosystems are exposed to high loads of inorganic nutrients and infiltration of domestic sewage and
industrial wastewater (Sharp 2010, Huang et al. 2020). In addition, dense coastal populations often rely
on aquifers as primary sources of drinking water. Seawater intrusion resulting from groundwater over-use
can negatively impact groundwater-dependent ecosystems, especially if intruding seawater exhibits
chemically reducing conditions (Danielopol et al. 2003, Klove et al. 2011b, Michael et al. 2017).

Scope of this dissertation: Urban, coastal groundwater-dependent ecosystems
The karstic Upper Floridan Aquifer of peninsular Florida contains a combination of fresh and
saline groundwater, which produces biogeochemically dynamic groundwater-dependent ecosystems
called karst subterranean estuaries (Garman 2010, Menning et al. 2015, 2018). These ecosystems are
often connected to the land surface via large artesian springs that support rivers and estuaries along the
2

coast. Using techniques from a wide array of disciplines, such as molecular biology, stable isotope
geochemistry, hydrogeology, and multivariate statistics, this dissertation aims to demonstrate how karst
subterranean estuaries, springs, and their associated surface streams can be impacted by urban land use.
Sulphur Springs, an artesian spring fed by a karst subterranean estuary in metropolitan Tampa, Florida, is
used here as a model system to explore questions about how intense anthropogenic activity influences
groundwater-dependent ecosystems.

References
Danielopol, D. L., Griebler, C., Gunatilaka, A. & Notenboom, J. 2003. Present state and future prospects
for groundwater ecosystems. Environ. Conserv. 30, 1-27.

Garman, K. M. 2010. The biogeochemistry of submerged coastal karst features in west central Florida.
PhD Dissertation. University of South Florida.

Green, T. R., Taniguchi, M., Kooi, H., Gurdak, J. J., Allen, D. M., Hiscock, K. M., Treidel, H. & Aureli,
A. 2011. Beneath the surface of global change: Impacts of climate change on groundwater. J.
Hydrol. 405, 532-560.

Humphreys, W. F. 2006. Aquifers: the ultimate groundwater-dependent ecosystems. Aust. J. Bot. 54,
115-132.

IPCC, Intergovernmental Panel on Climate Change core writing team. 2014. Climate Change 2014:
Synthesis Report. Contribution of Working Groups I, II and III to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change. Pachauri, R. K. & Meyer, L. A. (Eds.). IPCC,
Geneva, Switzerland, 151 pp.

3

Jyvasjarvi, J., Virtanen, R., Ilmonen, J., Paasivirta, L. & Muotka, T. 2018. Identifying taxonomic and
functional surrogates for spring biodiversity conservation. Conserv. Biol. 32, 883-893.

Klove, B., Ala-aho, P., Bertrand, G., Boukalova, Z., Erturk, A., Goldscheider, N., Ilomonen, J., Karakaya,
N., Kupfersberger, H., Kvoerner, J., Lunderberg, A., Mileusnic, M., Moszcynska, A., Muotka, T.,
Preda, E., Rossi, P. Siergieiev, D., Simek, J., Wachniew, P., Angheluta, V. & Winderlund, A.
2011a. Groundwater dependent ecosystems. Part I: Hydroecological status and trends. Env. Sci.
Pol. 14, 770-781.

Klove, B., Allan, A., P., Bertrand, G.,Druzynska, E., Erturk, A., Goldscheider, N., Henry, S., Karakaya,
N., Karjalainen, T. P., Koundouri, P., Kupfersberger, H., Kvoerner, J., Lunderberg, A., Muotka,
T., Preda, E., Pulido-Velazquez, M. & Schipper, P. 2011b. Groundwater dependent ecosystems.
Part II. Ecosystem services and management in Europe under risk of climate change and land use
intensification. Env. Sci. Pol. 14, 782-793.

Klove, B., Ala-aho, P., Bertrand, G., Gurdak, J. J., Kupfersberger, H., Kvoerner, J., Muotka, T., Mykra,
H., Preda, E., Rossi, P., Bertacchi-Uvo, C., Velasco, E. & Pulido-Velazquez, M. 2014. Climate
change impacts on groundwater and dependent ecosystems. J. Hydrol. 518, 250-266.

Menning, D., Carraher-Stross, W., Graham, E., Thomas, D., Philips, A., Scharping, R. & Garey, J. 2018.
Aquifer discharge drives microbial community change in karst estuaries. Estuaries and Coasts 41,
430-443.

Menning, D., Wynn, J. & Garey, J. 2015. Karst estuaries are governed by interactions between inland
hydrological conditions and sea level. J. Hydrol. 527, 718-733.

4

Michael, H., Post, V., Wilson, A. & Werner, A. 2017. Science, society, and the coastal groundwater
squeeze. Water Resour. Res. 53, 2610-2617.

Shahid, S., Alamgir, M., Wang, X. & Eslamian, S. 2017. Climate change impacts on andadaptation to
groundwater. In: Eslamian, S. & Eslamian, F. (Eds.), Handbook of Drought and Water Scarcity.
CRC Press, Taylor & Francis Group, 6000 Broken SoundParkway NW, Suite 300, Boca Raton,
FL 33487-3742, 107–123 p.

Stinnesbeck, S. R., Stinnesbeck, W., Terrazas-Mata, A., Aviles-Olguin, J., Benavente-Sanvicente, M.,
Zell, P., Frey, E., Lindauer, S., Rojas-Sandoval, C., Velazquez-Morlet, A., Acevez-Nunez, E. &
Gonzalez-Gonzalez, A. 2018. The Muknal cave near Tulum, Mexico: An early-Holocene funeral
site on the Yucatan peninsula. Holocene 28, 1992-2005.

United Nations, Department of Economic and Social Affairs, Population Division. 2019. World
Urbanization Prospects: The 2018 Revision. New York, NY, 103 p.

5

CHAPTER ONE
THE FATE OF URBAN SPRINGS:
PUMPING-INDUCED SEAWATER INTRUSION IN A PHREATIC CAVE

This chapter has been previously published under the same title, and is reproduced here with
permission from Elsevier Publishing (see Appendix).

Introduction
Coastal aquifers, saline groundwater intrusion, and urban caves
Population density in low-elevation coastal zones is more than five times that of the global
average (Neumann et al. 2015). Dense coastal populations often rely on aquifers as primary sources of
drinking, agricultural, and industrial water, but current groundwater use in many coastal areas is
unsustainable (Michael et al. 2017). Exploitation of coastal aquifers can lead to subterranean seawater
intrusion, and even small amounts of chloride contamination from intruding seawater can render
groundwater nonpotable (250 mg L-1 Cl-; WHO 2011). Chloride contamination in coastal aquifers can be
difficult to remediate, so researchers are working to understand, monitor, and prevent seawater intrusion
before it occurs (e.g., Werner et al. 2012, Kazakis et al. 2018, Motevalli et al. 2018). Mechanisms of
salinization vary greatly among aquifer systems and types (i.e., granular vs. karstic), so a conceptual
understanding of local system behavior is important for the development of coastal groundwater
management plans.
An interface between seaward-flowing fresh groundwater and landward-intruding seawater (the
coastal mixing zone) is present in many coastal aquifers. Coastal mixing zone shape and behavior are
defined by complicated relationships between land surface topography, aquifer hydrogeology, and
anthropogenic activity, making some coastal mixing zones difficult to identify and monitor (Weyer 2018).
6

In a regional flow system with sufficient topographic relief, aquifer recharge can pressurize discharge
zones hundreds of kilometers away. For example, coastal discharge zones throughout south Florida are
primarily recharged in the central Florida uplands, producing flow systems stretching more than 300 km
(Weyer 2018). The seawater wedge intruding into confined aquifers can be pressurized by recharge to
exposed topographic highs, causing saline groundwater to seep upward into freshwater portions of the
aquifer (as in the Netherlands; de Louw et al. 2010, Van Rees Vellinga et al. 1981), or causing the
salinization of coastal artesian wells, as in southern France (Montety et al. 2008). Anthropogenic aquifer
use can deform the mixing zone and perturb natural groundwater salinity stratification, potentially
contaminating aquifers where direct seawater intrusion might not otherwise occur (e.g., Giambastiani et
al. 2013, Motevalli et al. 2018).
One widespread consequence of coastal groundwater extraction is mixing zone upconing (Werner
et al. 2013, Garcia-Menendez et al. 2016). Groundwater extraction generates low-pressure zones directly
below wells, causing the saltwater-freshwater interface to cone upward (reviewed by Bower et al. 1999).
Based on extraction rate, freshwater head position and sea level, the saltwater cone can reach a stable
state some distance below the bottom of the well. If the cone rises past a critical point, it becomes
unstable and the well begins to draw saline water. On coasts with more diffuse mixing zones, a well can
upcone and draw shallow saline water long before the deeper main interface is deformed (Bear et al.
2001, Werner et al. 2009). Groundwater extraction can therefore expand the vertical thickness of the
coastal mixing zone (Jakovovic et al. 2016). Vertical migration of deep saline groundwater is not limited
to coastal zones, and can result from extraction-induced head reduction in aquifers overlying confined
brines (e.g., Karro et al. 2004). Upward movement of saline groundwater can be caused by human
activities other than well-water extraction. In northern Italy, extensive drainage systems have artificially
lowered regional aquifer head. This practice disrupted natural vertical head gradients, destabilizing
groundwater salinity stratification as deep-sourced saline water migrated upward into fresh groundwater
zones (Giambastiani et al. 2013).

7

Preferential flow-paths can enhance vertical groundwater migration and further complicate
interpretations of aquifer dynamics. Conduits of high-permeability sediment, fractures, faults, and karstic
voids offer paths of least resistance along which intruding seawater or deep-sourced saline groundwater
can infiltrate into freshwater aquifer units. Offshore of North Carolina, USA, Mulligan et al. (2007) found
that paleochannels infilled with coarse sediments breached a confined aquifer and could act as preferential
flow-paths for landward-intruding seawater. In the Netherlands, sand boils vented deep-sourced coastal
mixing zone water through fresh aquifer layers into overlying surface water bodies (de Louw et al. 2010).
The boils were fed by sand-filled fractures that penetrated underlying confining units, and a combination
of the rapid discharge rate and the low head of the boils caused the underlying seawater wedge to upcone
significantly. Anthropogenic aquifer head reduction on the Atlantic coast of Florida, USA caused deepsourced brines to migrate upward through vertically-persistent bedrock fractures and then laterally
through freshwater zones, contaminating a series of confined aquifers (Spechler 1994). In Israel, decades
of extraction activity and head reduction in shallow aquifers led to the vertical migration of confined,
deep-sourced brines along regional faults (Rosenthal 1988). On the Mediterranean coast of Spain,
Calvache and Pulido-Bosch (1997) attributed seawater intrusion in the Catell de Ferro aquifer entirely to
the influence of preferential flow-paths present in the karstified carbonate component of the aquifer,
which amplified the impact of anthropogenic groundwater extraction. Lez Spring in southern France is
part of an extensive karst system, and discharges groundwater from multiple aquifer units (Bicalho et al.
2017). After heavy rains, Lez Spring discharge experienced increased contribution from mineralized
groundwater, which was sourced from confined evaporites. The mineralized groundwater had migrated
upward through faults and then leaked laterally into the main aquifer, where it was later mobilized by the
deep groundwater flow-paths induced by intense recharge events. In a limestone aquifer in South
Australia, Wood and Harrington (2015) monitored a deep karst feature which intercepted the coastal
mixing zone, finding that the salinity of groundwater discharging from the feature showed seasonal
variation dependent on mixing zone position, while surrounding groundwater remained fresh.
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Caves and other karst features such as the system studied by Wood and Harrington (2015)
provide scientists with direct access to coastal aquifers, allowing researchers to identify novel
mechanisms of seawater intrusion (e.g., Beddows et al. 2007, Vera et al. 2012) and the extreme extent to
which seawater intrusion can occur (Xu et al. 2016). Studies of coastal karst features have also revealed
groundwater-dependent ecosystems driven by unique hydrological regimes (e.g., Menning et al. 2015,
2018) as well as extreme, isolated environments which host salinity-stratified water columns (e.g.,
Garman and Garey 2005, Garman et al. 2011). Karst features are vulnerable to anthropogenic
groundwater quality deterioration (Jiang et al. 2009, Calijuri et al. 2012), especially underwater (phreatic)
conduits, which are preferential groundwater flow-paths large enough to rapidly transmit natural and
anthropogenic drinking water contaminants (Bicalho et al. 2012). Sulphur Springs Cave is an extensive
phreatic conduit developed beneath metropolitan Tampa, Florida, USA. The cave discharges groundwater
to a surface pool, from which the city of Tampa extracts water. In this paper we investigate
hydrologically-related issues that Sulphur Springs Cave has experienced as a consequence of
anthropogenic activity, propose a conceptual model for seawater intrusion at this site, and discuss the
potential impacts of salinity increase on the cave ecosystem.

Sulphur Springs Cave
Sulphur Springs Cave is a phreatic void developed in the eogenetic limestone beneath Tampa,
Florida (Fig. 1-1). Eogenetic karst develops in young limestones which have maintained their initial
primary porosity, such that diffuse matrix flow and storage occur simultaneously with fracture/karst
hydrodynamics (Vacher and Mylroie 2002). About 1 km of the cave conduit has been mapped by divers.
The cave consists of a Main Tunnel which splits into two smaller passages: the Orchid Tunnel and the
Alaska Tunnel. The tunnels lie at a water depth of ~30 m. About 25% of Sulphur Springs Cave
passageway is higher than it is wide, compared to the 10% exhibited by most Floridan caves (Garman
2010), suggesting the importance of vertical bedrock fracturing in the speleogenesis of Sulphur Springs
Cave.
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Groundwater from the confined Upper Floridan Aquifer flows through the Sulphur Springs
tunnels toward the cave mouth, producing an artesian spring. The cave mouth is less than 1 m high and 2
m wide, and is submerged in a ~10 m deep pool. The pool was impounded by the city of Tampa in the
early twentieth century to create a public swimming area. The pool was used as such until the 1980s,
when fecal coliforms were detected and the pool was closed to swimming. Pumps were installed at
Sulphur Springs pool in 1964, when the city started using spring water to replenish the Hillsborough
River Reservoir during droughts. In 2002, the pumping system was modified to allow extracted spring
water to be diverted to below the reservoir dam to support the downstream Lower Hillsborough River
(Southwest Florida Water Management District [SWFWMD] 2004, 2006). Diverted spring water
maintains low-salinity habitat and manatee thermal refuge in this estuary. When spring water is not
pumped, it overflows from the impounded pool into the Lower Hillsborough River ~4 km downstream of
the dam. When pumps are active, the pool level can drop ~1 m and water ceases flowing over the
spillway flumes.
The dynamics of the spring pool have been monitored and studied since the 1940s (see Menke et
al. 1961, Rosenau et al. 1977, Stewart and Mills 1984). Specific conductance of the spring water increases
when the pool is lowered, regardless of local aquifer head position. Water quality of the spring and cave
can thus be maintained by controlling pool depth, yet the specific conductance of the spring water has
increased over time.

Deterioration of Sulphur Springs water quality
North of Sulphur Springs Cave, swallets and sinkholes are present which have historically
contributed to Sulphur Springs recharge (Menke et al. 1961). However, direct connections between
important swallets (i.e., Curiosity Sink, Blue Sink) and Sulphur Springs have been blocked since the
1980s (EEC 1990, Schreuder 1997, 2001). Although these discrete connections have been thoroughly
investigated, the contribution of diffuse recharge to Sulphur Springs has largely been ignored.
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Figure 1-1. Plan and profile views of Sulphur Springs Cave. Profile view is vertically exaggerated.
Abbreviation I-275: Interstate 275.
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Figure 1-2. Locations of groundwater monitoring wells used in this study. “Sligh Park Wells” includes
locations of both “Shallow” and “Deep” well screens from the Sligh Park Well (Table 1-1). “Hillsborough
Dam Wells” includes locations of well screens in the Suwannee, Ocala, and Avon Park Formation
Limestones of the Hillsborough Dam Well. The Hillsborough Dam Well was the site of the Florida
Geological Survey lithology from which the mid-Suwannee Limestone wackestone layers were identified
(O’Sullivan and Werner, 1991). Abbreviations I-275, I-75 and I-4: Interstates 275, 75 and 4, respectively.

Stewart and Mills (1984) found a strong correlation (R2 = 0.90) between the discharge of Sulphur
Springs and the water level at a nearby well (ROMP 66; Fig. 1-2, Table 1-1). This relationship indicates a
connection between cave water and surrounding matrix-stored groundwater. Florida limestone has
maintained much of its primary (matrix) porosity, which communicates easily with any secondary
(fracture/cave) porosity that has developed (e.g., Martin and Dean 2001). Thus the response of Florida
12

springs to recharge is less punctuated than that of springs primarily fed by swallet/sinkhole-focused
recharge (Florea and Vacher 2006). The contribution of matrix-stored groundwater to spring discharge is
especially important in Florida, where evapotranspiration prevents most of wet season precipitation from
reaching the aquifer (Martin and Gordon 2000, Florea and Vacher 2007).
Because discrete recharge is relatively unimportant to Florida springs and because the
deterioration of Sulphur Springs water quality was noticed before the 1980s (Roseneau et al. 1977), the
loss of communication with local freshwater swallets is probably not the primary cause of the increasing
spring water salinity. Additionally, municipal spring water extraction occurs only during the dry season
when water is needed, so the pumping-induced reduction of spring pool head cannot totally explain the
salinity increase. Hydraulic head levels of distant, diffuse recharge areas probably drive the hydrological
regime of Sulphur Springs Cave. Examination of Sulphur Springs regional hydrogeology in addition to
local anthropogenic activity should explain the deterioration of water quality at this site.

Table 1-1. Details of the wells examined in this study, including recent specific conductance and chloride
concentration measurements.

Well Name
ROMP 87

Well Information
Open
Interval
Elev.
ID
(m)
(masl)
18827
9-12
33

ROMP 66

18670

13-76

11

Sligh Park: Shallow

19230

88-119

8

Sligh Park: Deep
Hillsb. Dam: Suwannee
Hillsb. Dam: Ocala
Hillsb. Dam: Avon Park

18657
18627
18626
18628

219-235
46-55
139-155
190-221

8
11
12
11

Tourist Club

18624

24-97

2

Kinder Morgan

67032
2

43-302

2

Most Recent Measurement
Geology of Open
Interval
Suwannee Lmstn
Tampa Lmstn,
Sand, Clay
Suwannee &
Ocala Lmstns
Avon Park Lmstn
Suwannee Lmstn
Ocala Lmstn
Avon Park Lmstn
Tampa &
Suwannee Lmstns
Suwannee, Ocala,
Avon Park
Lmstns

13

SpCond
(µS cm-1)
481

Cl(mg L-1)
15

Date
5/5/1999

333

15

6/30/1999

434

34

5/19/2017

5586
890
4442
7675

1520
130
1170
2120

5/19/2017
3/15/2017
6/16/2017
6/29/2010

9917

2960

2/14/2017

53420

18300

7/12/2006

Methods
Hydrogeology/site description of the Sulphur Springs system
Three principal lithologic sequences underlie the Tampa Bay region. The uppermost sequence is a
collection of unconsolidated sands, clays, and other sediments (Tertiary and Quaternary), which confine
an underlying limestone/dolomite sequence. In descending order, this limestone sequence includes the
Tampa Limestone (Upper Oligocene/Lower Miocene; a member of the Arcadia Formation, Hawthorn
Group), Suwannee Limestone (Lower Oligocene), Ocala Limestone (Upper Eocene), and the Avon Park
Formation (Middle Eocene). The Tampa Limestone contains layers of sand and clay, and acts as an
additional confining unit. These limestones dip from the northeast, where the Suwannee and Ocala
Limestones are exposed at land surface, to the southwest where they are confined (Fig. 1-3). The Tampa
Limestone is exposed throughout the Hillsborough River basin (Fig. 1-3). Below this limestone sequence
lies a gypsiferous limestone/dolomite sequence which is confined by the lower part of the Avon Park
Formation.
These sequences host two distinct aquifers (Parker et al. 1955). The Surficial Aquifer resides in
the shallow clastic sediments, while the Floridan Aquifer lays within the limestones. The Floridan
Aquifer is separated into Upper and Lower zones by the Avon Park Formation confining bed (Miller
1986). The Upper Floridan Aquifer is hosted by the younger, non-gypsiferous limestone sequence, while
the Lower Floridan Aquifer resides in the older, gypsiferous limestones.
The Upper Floridan Aquifer near Sulphur Springs is further divided into two distinct hydrological
units (SWFWMD 1988). The shallower hydrological unit consists of the Suwannee and Ocala
Limestones, and the upper and lower boundaries of the Suwannee Limestone are the most permeable parts
of this unit (Fig. 1-3). In the Sulphur Springs area, the mid-Suwannee Limestone is comprised of thick,
fine-grained, wackestone-rich layers (O’Sullivan and Werner 1991), which could confine the underlying,
permeable Suwannee/Ocala interface. Beneath the Suwannee/Ocala interface is the wackestone-rich
Ocala Limestone which semiconfines the fractured, dolomitic Avon Park Formation. The Avon Park
Formation hosts the second major hydrological unit of the Upper Floridan Aquifer. Horizontal hydraulic
14

Figure 1-3. Surface geology and lithology transects of the Sulphur Springs area. Surface geology map
was redrawn from maps published online by the Florida Geological Survey (Green et al. 2012). Lithology
transects A, B, and C shown in this figure correspond to Florida Geological Survey wells W-5069, W17991, and W-19364, respectively.

conductivity in the Upper Floridan Aquifer can range from as low as 0.16 m d-1 in the Suwannee
Limestone (Robinson 1995) to as high as 6.1 × 103 m d-1 in the highly cavernous Tampa/Suwannee
interface beneath the city of Tampa (Stewart and Mills 1984).
Based on its depth and horizontally-persistent morphology, Sulphur Springs Cave is likely
developed along the cavernous Tampa/Suwannee interface (Figs. 1-1 & 1-3). Precipitation entering
exposures of the Suwannee Limestone is probably important to the recharge of the Sulphur Springs
artesian system. We therefore used the water level recorded at the monitoring well ROMP 87 as a
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measure of regional aquifer recharge (Figs. 1-2 & 1-3, Table 1-1). This well was bored near a large, highelevation exposure of Suwannee Limestone. Based on the strong connectivity present between the
Surficial Aquifer and the Upper Floridan Aquifer near ROMP 87 (i.e., downward vertical gradient, head
difference of ~1 m), the portion of the Suwannee Limestone in which ROMP 87 was screened was
unconfined (Spechler and Kroening 2007).

Data collection and analysis
Major ion (Na+, K+, Ca2+, Mg2+, SO42-, Cl-, alkalinity), specific conductance, water level, and
discharge measurements from Sulphur Springs pool and nearby wells were collected and published by the
Southwest Florida Water Management District (SWFWMD) and by USGS. Precipitation in the recharge
area was measured at the Green Swamp Tower (SWFWMD station 19053), and local precipitation was
measured on the Lower Hillsborough River near Sulphur Springs (SWFWMD station 19436).
Precipitation data were also published online by SWFWMD. We used GW Chart v.1.29 (Winston 2000)
to generate Piper diagrams of major ion concentrations from Sulphur Springs and associated wells.
Although a USGS monitoring station was set up in Sulphur Springs pool, there were no stations
deployed within the underlying cave. We deployed a long-term monitoring station and collected samples
for laboratory analysis ~100 m linearly into the cave (Fig. 1-1). We deployed multiprobes (Hydrolab
Datasonde, Hach, USA) at this station to record continuous depth, temperature, pH, dissolved oxygen,
and specific conductance profiles. We used a spectrophotometer (DR 3900, Hach, USA) to measure total
organic carbon, sulfate, sulfide, ammonium, nitrite, nitrate, phosphate, and alkalinity concentrations of
discrete water samples collected in replicates of 3 at the station. We collected cave water samples in glass
jars with Teflon-lined lids. These jars were acid-washed and filled with sterile, organic-free water until
the moment of collection, when they were each purged 3 times with helium.
Scuba diving through cave passages allows direct observation of aquifer dynamics and the
sampling of water while it remains underground, relatively unaffected by surface conditions (e.g.,
Beddows et al. 2007). Such field work allows researchers to isolate features or organisms that may have a
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disproportionate impact on the groundwater ecosystem (e.g., Brigmon et al. 1994), rather than relying on
well bore samples. Sampling was conducted by trained scientific cave divers under the auspices of the
University of South Florida Scientific Diving Program.
Microbial mat was sampled from the cave walls 5 m upstream from the monitoring station and
from a vent located 30 m downstream using 10 mL syringes that were filled with sterile, organic-free
water until collection. Mat samples were gently homogenized and four 100-µL subsamples individually
mixed with 1x phosphate buffered saline solution. Ten µL of each subsample was mixed with 2 µL of 2
µg mL-1 (final concentration) DAPI stain and 2 µL of 1 µg mL-1 (final concentration) FM4-64 membrane
dye. Samples (5 µL) were placed on glass bottom culture dishes (MatTek Corp., USA) and covered using
1% agarose pads made with distilled water and multiple fields imaged using fluorescence microscopy
(DeltaVision Elite, GE, USA).
The pcor.test function of Program R v.3.4.3 was used to run partial correlation analyses (ppcor
package; Kim 2015) and the ccf function was used for cross-correlations (from stats package; R
Development Core Team 2008). We ran partial correlation analyses to calculate correlation coefficients
between two variables while controlling for a third variable. Cross-correlation analyses calculated
correlation coefficients between two time-series datasets as one of the datasets was incrementally shifted,
providing lag time information between the datasets (e.g., aquifer level and spring discharge). Only lag
times with the highest correlation coefficient from each analysis were reported in this study. Alpha values
of 0.05 were used for partial correlations.

Results
Specific conductance relationship to hydraulic head
Compared to the trend observed from 1946-2002, specific conductance at Sulphur Springs began
increasing rapidly after 2002, the year that spring water diversions to the Lower Hillsborough River began
(Fig. 1-4). Continuous monitoring of Sulphur Springs pool began in October 2009, when the USGS
installed a gauge in the pool that recorded specific conductance, pool level, and discharge once every 15
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min. These data allowed for a high-resolution examination of Sulphur Springs specific conductance
trends. Concurrent to these data were those collected at the ROMP 87 monitor well, which was located
near the high-elevation Suwannee Limestone exposure northeast of Sulphur Springs (Figs. 1-2 & 1-3,
Table 1-1). Water level in the Suwannee Limestone was recorded in this well once daily. The continuous
specific conductance profile of Sulphur Springs pool closely corresponded to the water level in the
Suwannee Limestone exposure, except during instances of intense spring water extraction (Fig. 1-5). All
specific conductance values recorded during this study period were higher than those predicted by the
pre-diversion specific conductance trend generated from data collected from 1946-2002 (Figs. 1-4 & 1-5).

Figure 1-4. Specific conductance values measured at the Sulphur Springs pool from 1946 to 2017. Two
linear regressions were generated from datasets 1) years 1946-2000 and 2) years 2002-2017.
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Figure 1-5. Continuous specific conductance, pool level, recharge aquifer level, and precipitation profiles
recorded from October 2009 to January 2018. Blue and green shaded regions show when deviations from
the pre-diversion specific conductance trend (black dashed line) were best explained by pumping activity
or aquifer level, respectively.
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Table 1-2. Partial correlation analysis results (A) and summary statistics (B) of Sulphur Springs specific
conductance trends as explained by the hydraulic head of the aquifer and discharge pool.

A. Partial Correlation Analysis
Whole dataset (n = 2940)
Variable 1
Variable 2
Control
Aquif Level
Pool Level
Time
Aquif Level
SpCond
Pool Level
Pool Level
SpCond
Aquif Level

Correlation
0.54
0.60
-0.74

Statistic
34.9
40.9
-59.5

p value (α = 0.05)
<0.001
<0.001
0

Pool Level Explained Trends, Pool Level < 1.8 m asl (n = 811)
Variable 1
Variable 2
Control
Correlation
Statistic
Aquif Level
Pool Level
Time
-0.11
-3.25
Aquif Level
SpCond
Pool Level
0.68
26.2
Pool Level
SpCond
Aquif Level
-0.76
-33.0

p value (α = 0.05)
0.001
<0.001
<0.001

Aquifer Level Explained Trends, Pool Level > 1.8 m asl (n = 2129)
Variable 1
Variable 2
Control
Correlation
Statistic
Aquif Level
Pool Level
Time
0.61
35.8
Aquif Level
SpCond
Pool Level
0.33
16.2
Pool Level
SpCond
Aquif Level
0.11
5.26

p value (α = 0.05)
<0.001
<0.001
<0.001

B. Summary Statistics
SpCond
Min
Whole Dataset
3070
Pumping
3070
No Pumping
3270

1st Q.
4550
4890
4460

Median
4880
5260
4790

Mean
4910
5342
4745

3rd Q.
5230
5680
5040

Max
8230
8230
6140

n
2940
811
2129

Aquifer Level
Whole Dataset
Pumping
No Pumping

Min
29.79
29.79
30.24

1st Q.
31.07
30.46
31.32

Median
31.44
30.93
31.59

Mean
31.63
30.84
31.55

3rd Q.
31.76
31.15
31.83

Max
32.24
31.91
32.24

n
2940
811
2129

Pool Level
Whole Dataset
Pumping
No Pumping

Min
-0.1219
-0.1219
1.801

1st Q.
1.7221
0.858
1.902

Median
1.908
1.278
1.923

Mean
1.7158
1.1682
1.924

3rd Q.
1.9446
1.5987
1.957

Max
2.0452
1.7983
2.045

n
2940
811
2129
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Rapid specific conductance spikes in the Sulphur Springs chemograph corresponded strikingly to
intense pumping activity, indicated in this analysis by pool levels lower than 1.8 m asl (above sea level).
At levels below 1.8 m asl, Sulphur Springs pool water was too low to flow over its spillway flumes,
indicating that the rate of extraction was higher than the rate of spring discharge. During these periods of
pumping, specific conductance was strongly negatively correlated to pool level (partial correlation
controlling for aquifer level: r = -0.76, p < 0.001, n = 811; Table 1-2, Fig. 1-5). When pool level
remained above 1.8 m asl, specific conductance spikes still occasionally occurred, but correlated more
strongly to aquifer level in the Suwannee Limestone than to pool level (partial correlation controlling for
pool level: r = 0.33, p < 0.001, n = 2129; Table 1-2, Fig. 1-5). Throughout the entire study period, the
specific conductance of Sulphur Springs pool best correlated to pool level, while aquifer level had a lesser
affect (partial correlation analysis controlling for aquifer level: r = -0.74, p < 0.001, n = 2940; partial
correlation controlling for pool level: r = 0.60, p < 0.001, n = 2940; Table 1-2). Aquifer level and pool
level best corresponded to each other when pool level remained above 1.8 m asl, exhibiting a strong
positive correlation (partial correlation controlling for time: r = 0.61, p < 0.001, n = 2129; Table 1-2, Fig.
1-5).

Wet season 2017 hydrograph analysis
Discharge from Sulphur Springs was measured by a USGS gauge as pool water flowed over
spillway flumes into the Lower Hillsborough River. Seasonal groundwater extraction at this site lowered
the pool level to a point at which spring water would no longer overflow its impoundment, making it
impossible to analyze yearly discharge trends from the spring. Pumps were inactive between 17 June and
30 November 2017, allowing at least for an analysis of wet season discharge during this year.
Aquifer level and spring discharge increased throughout this period, peaking with Hurricane Irma
(10 September 2017; Fig. 1-6). Cross-correlation analysis showed that the level of the Upper Floridan
Aquifer hosted by the Suwannee Limestone exposure responded to rainfall within 1 d (measured at
ROMP 87). Discharge from Sulphur Springs responded immediately to recharge to the Suwannee
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Limestone exposure, the two hydrographs correlating with an R2 = 0.67. The ratio of the maximum to
mean discharge observed over this period was 1.4.
Sulphur Springs specific conductance dropped 2 d after local rainfall events. This lag matched the
time it took for tracer dye to reach Sulphur Springs when injected into nearby sinkholes (Stewart and
Mills, 1984). Specific conductance correlated weakly to spring discharge during this period (R2 = 0.40),
but specific conductance remained high while discharge rate dropped during the latter half of the wet
season (Fig. 1-6). The specific conductance chemograph lagged 25 days behind the aquifer level
hydrograph. Specific conductance eventually dropped in the beginning of November 2017, but leveled off
on about the tenth day of that month, corresponding to a similar trend observed in Suwannee Limestone
aquifer level (Fig. 1-6). This increase in hydraulic head was not observed at any other well in the area
(e.g., ROMP 66; Fig. 1-6), and did not correspond to any rainfall events. Groundwater extraction resumed
immediately after 30 November 2017.

Figure 1-6. Cross-correlation analysis of the 2017 wet season, designated by a period when municipal
spring water pumps were inactive. “Lagged ROMP 87 Level” is shown to visualize the 25-day lagged
response that Sulphur Springs specific conductance had to aquifer level (ROMP 87 Level).
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Figure 1-7. Images of microbial mats collected from Sulphur Springs Cave. (A) Brown biofilm – the
sample from site “a” in the top panel was collected for microscopy. The cells were stained with DAPI
(blue) to visualize DNA and FM4-64 dye (red) to visualize the membrane. The magnified versions of
boxed area i, ii, and iii are shown in the bottom panel together with their corresponding differential
interference contrast (DIC) information. (B) White biofilm - the sample from site “b” in the top panel was
prepared for imaging as described above. The magnified versions of boxed area i’, ii’, and iii’ together
with corresponding DIC are shown in the bottom panel.
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Observations made in Sulphur Springs Cave
Vents of hydrochemically distinct water contributed to the bulk water of Sulphur Springs Cave.
These vents were visually apparent because of changes in microbial mat communities on the cave walls.
Mats were normally of a dense consistency (~3-5 cm long) with a dark brown color (Fig. 1-7a), but
became white and feathery surrounding vents (Fig. 1-7b). Fluorescence microscopy showed that brown
mats were made up of a mixed microbial community (Fig. 1-7a i'-iii'), while the feathery mats consisted
of segmented filaments made up of uniform, rod-shaped cells that contained intracellular granules (Fig. 17b i'-iii'). The white filaments measured ~1.0 µm in diameter (Fig. 1-7b i'-iii'). Samples of feathery mat
contained water that smelled strongly of reduced sulfur compounds when processed in the lab. Datasonde
profiles recorded by divers revealed a particularly influential vent located in the Alaska Tunnel (Fig. 1-8,
“Salt Vent”). On 14 October 2001, vent water salinity, temperature, dissolved oxygen concentration, and
pH were 17.7 psu, 26.1 °C, 0.00 mg L-1, and 6.39 respectively, while that of the Orchid Tunnel was 1.3
psu, 24.9 °C, 0.07 mg L-1, and 6.84 respectively (Fig. 1-8). The influence of salt vent water was especially
apparent in the Alaska Tunnel, but was even noticeable after it mixed with Orchid Tunnel water and
flowed downstream through the Main Tunnel (Fig. 1-8).

Well survey and major ion analysis
A survey of wells in the Sulphur Springs area showed that only the Tourist Club Well (an artesian
groundwater monitoring well screened in the Suwannee Limestone) contained water with a specific
conductance comparable to that of the Sulphur Springs salt vent (10,000-20,000 µS cm-1; Figs. 1-1 & 1-2,
Table 1-1). Tourist Club Well was also the closest well to Sulphur Springs (Figs. 1-1 & 1-2). All other
wells in the area contained water less saline than the Sulphur Springs salt vent and Tourist Club Well,
although those screened at great depths still contained water with specific conductances and chloride
concentrations indicative of saltwater contamination (i.e., >250 mg L-1 Cl-; Table 1-1). These wells were
the Deep Sligh Park Well (screened in the Avon Park Formation) and two of the Hillsborough Dam Wells
(screened respectively in the Ocala Limestone and Avon Park Formation). Recent specific conductance
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Figure 1-8. Datasonde profiles collected by divers swimming through Sulphur Springs Cave. The detailed
profile was measured on 14 Oct 2001. Summary tables summarize data collected on similar dives from
1998-2001.
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values measured at these wells were 5586, 4442, and 7675 µS cm-1, respectively. Recent chloride
concentrations at these wells were 1520, 1170, and 2120 mg L-1, respectively.
The specific conductances of the Tourist Club and Deep Sligh Park Wells have increased over the
past two decades with a similar slope, though the specific conductance at Deep Sligh Park exhibited an
oscillating pattern (Fig. 1-9a). Specific conductance increased with depth at the Hillsborough Dam Well,
but did not increase over time at any screened interval (Fig. 1-9b). Water levels in wells containing
freshwater (i.e., ROMP 87, ROMP 66, Shallow Sligh Park; Table 1-1) showed seasonal oscillations, but
had no net head reduction over the past two decades (Fig. 1-10).

Figure 1-9. Specific conductance time-series profiles of wells at various depths in the Sulphur Springs
area. Refer to Table 1 for depths of screened intervals. Regression equations for Hillsborough Dam Wells:
y = 0.06x + 4829, R2 = 0.04 (Avon Park Formation screen); y = 0.04x + 5307, R2 = 0.01 (Ocala
Limestone screen); y = -0.02x + 1822, R2 = 0.91 (Suwannee Limestone screen). Low R2 values indicate
nearly horizontal trends.
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Figure 1-10. Water level in the recharge area (ROMP 87), just north of Sulphur Springs (ROMP 66), and
just southwest of Sulphur Springs (Shallow Sligh Park). All wells were screened in the Suwannee
Limestone. Low R2 values indicate nearly horizontal trends.

Figure 1-11. Piper diagram showing the hydrochemical types of Sulphur Springs, Tourist Club Well, a
nearby freshwater well (ROMP 66), and saline endmembers (Kinder Morgan Well and seawater). Refer to
Table 1 for well details. Note the shift of Sulphur Springs hydrochemistry from calcium-sulfate type to
sodium-chloride type from 1946 to 2017.
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Figure 1-12. Piper diagrams showing the hydrochemical types of Deep Sligh Park and Hillsborough Dam
Wells. Refer to Table 1 for well details. Note the correspondence between the Deep Sligh Park specific
conductance trend (Fig. 9a) and the hydrochemical shift toward sodium-chloride type between 19922017.
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Between 1946 and 1972, Sulphur Springs water exhibited a calcium-sulfate hydrochemical type.
Since then, its hydrochemical character has changed to sodium-chloride type (Fig. 1-11), corresponding
with the long-term specific conductance increase observed at this site (Fig. 1-4). The nearest freshwater
well to Sulphur Springs (ROMP 66, screened in the Tampa and Suwannee Limestones at a depth
encompassing that of Sulphur Springs Cave; Fig. 1-2, Table 1-1) most recently contained calcium-sulfate
type water (Fig. 1-11). The Tourist Club Well contained sodium-chloride type water (Fig. 1-11). A well
near Tampa Bay widely screened in the Suwannee, Ocala, and Avon Park Formation Limestones
contained water of a specific conductance resembling that of seawater (Kinder Morgan Well, Fig. 1-2,
Table 1-1). Kinder Morgan Well water plotted near seawater on a Piper diagram, falling in the sodiumchloride type, but was slightly more mineralized with respect to calcium ions (Fig. 1-11). The deep wells
surrounding Sulphur Springs contained sodium-chloride type water (Fig. 1-12). The hydrochemical
character of the Deep Sligh Park Well water shifted from being borderline calcium-sulfate type to
strongly sodium-chloride type (Fig. 1-12). This trend corresponded with the major specific conductance
oscillation observed at this well during the late 2000s (Fig. 1-9a).

Discussion
Hypotheses for seawater intrusion in Sulphur Springs Cave
In general, aquifer level rose and stayed high during wet seasons and declined during dry seasons
(Fig. 1-5). Pool level tended to stay high during wet seasons and wet years, while it was lower throughout
dry seasons when pumping occurred. Specific conductance mostly mirrored aquifer level with a 25-day
lag, except during periods of lowered pool level when rapid, immediate specific conductance spikes
would occur. Specific conductance trends explained by pumping activity and recharge head position are
summarized in Table 1-3.
It makes intuitive sense that pumping-induced pool head reduction could increase the specific
conductance of Sulphur Springs by facilitating the vertical intrusion of salt vent water. Specific
conductance also climbed throughout wet seasons when pumps were inactive and pool level remained
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high (Figs. 1-5 & 1-6), which was unexpected. This trend was especially apparent during 2017, when an
unusually dry winter was followed by the largest precipitation event recorded in this area during the study
period (Hurricane Irma, which struck the area on 10 September 2017; Figs. 1-5 & 1-6). When recharge
lows accompanied periods when pool level was kept high, Sulphur Springs specific conductance dropped,
but the water still did not return to being as fresh as it was before the 1960s (Figs. 1-4 & 1-5). Spring
water extraction and subsequent pool lowering usually occurred during dry seasons, which prevented
Sulphur Springs from recovering to a low-salinity state during many years (Fig. 1-5). Indeed, present
Sulphur Springs specific conductance was often 6-fold, and sometimes 8-fold, higher than it was in 1957
(Menke et al. 1961), and never dropped below ~3,000 μS cm-1 (Fig. 1-5, Table 1-2b). In the following
sections, we propose a conceptual model explaining why Sulphur Springs specific conductance increased
gradually over the past century, rapidly over the past decades, and anomalously during the recharge
season (Fig. 1-13).

Table 1-3. Generalized Sulphur Springs specific conductance trends explained by recharge and pool level.

No Pumping
Pumping

Pool Level
High
High
Low
Low

Aquifer Level
High
Low
High
Low

Specific Conductance
High
Low
Very High
High

Seawater intrusion conceptual model: Initial state
Vertical fractures, flexures, and subsidence features are common in the limestone underlying
west-central Florida, based on seismic-reflection surveys conducted on the Lower Hillsborough River
(Wolansky and Thompson 1987) and rivers of neighboring watersheds (Lewelling et al. 1998, Trommer
et al. 2009). The morphology of Sulphur Springs Cave (Garman 2010) indicates the presence of vertical
fractures in the immediate area, which have contributed to the speleogenesis of the cave. Vertical bedrock
fractures act as preferential groundwater flow-paths and can be conduits for saline water intrusion into
freshwater layers if they breach one or multiple confining units (e.g., Spechler 1994, their Fig. 37).
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Figure 1-13. Conceptual model of Sulphur Springs Cave seawater intrusion. The upper and lower
bedding planes of the Suwannee Limestone are the most permeable units of this portion of the aquifer.
Confining units/aquitards are indicated by gray bars.
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The salt vents found in Sulphur Springs Cave are probably termini of fractures which must either
intercept the coastal mixing zone (similar to The Chasm Cave in South Australia; Wood and Harrington
2015) or draw up mixing zone water by providing an avenue of reduced head, similar to how saline
groundwater upcones toward depressed potentiometric surfaces produced by extraction wells (e.g., Bower
et al. 1999). Vertical intrusion of saline groundwater into overlying freshwater has also been observed in
the absence of wells. This natural phenomenon has been attributed to the reduced potentiometric head
generated by discharging springs (Tellam et al. 1986) and to rapid upward groundwater movement
through aquitard-breaching fractures in artesian systems (de Louw et al. 2010).
In the pre-extraction state of the Sulphur Springs system (Fig. 1-13a), variations in spring pool
head controlled the influence of vertically-migrating saline water (Menke et al. 1961, p. 42). This
indicates that the Sulphur Springs salt vents were active before pumping began. In the 1950s, Menke et al.
(1961, p. 41) found no evidence of saline water in the Suwannee Limestone around Sulphur Springs, and
suggested that saline water must be moving up through fractures from below the Ocala Limestone
confining unit, i.e., the Avon Park Formation. The wet-season salinity increases observed during the
present study period were not mentioned in previous studies of Sulphur Springs (Menke et al. 1961,
Rosenau et al. 1977, Stewart and Mills 1984).

Seawater intrusion conceptual model: Dry season pumping
Upper Floridan Aquifer levels surrounding Tampa Bay can seasonally drop to lower than 6 m
below sea level, especially in areas of major groundwater extraction activity (Hickey 1981, Hutchinson
1983, Trommer 1993). This would allow for landward groundwater movement and for seawater to
recharge the coastal aquifer. In Tampa, the extent of the coastal groundwater mixing zone is at least 16
km inland from Tampa Bay (Hickey 1981, Trommer 1993). In highly permeable zones such as the Avon
Park Formation, this boundary can extend even farther. Sulphur Springs Cave lies well within this
transition zone, being situated only ~10 km north of the bay (Fig. 1-1).
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Pumps were installed in Sulphur Springs pool in 1964, and were modified in 2002 to allow for
spring water to be diverted to below the Hillsborough River Reservoir dam. The intense pumping activity
observed since 2011 lowered Sulphur Springs pool level to near—and occasionally equal to or below—
sea level (Fig. 1-5, Table 1-2b). Such activity could have led to rapid, local seawater intrusion as head
pressure above each one of the fractures intersecting Sulphur Springs Cave dropped whenever municipal
pumps drew down the spring pool.
Seasonal rainfall patterns and groundwater extraction in the Tampa Bay region and at Sulphur
Springs caused the potentiometric head of the Upper Floridan Aquifer to oscillate dramatically. Although
there was no net annual loss in freshwater head around Sulphur Springs Cave (Fig. 1-10), natural
oscillation of the freshwater/saltwater interface would be enhanced by extraction activity, potentially
causing the mixing zone to expand over time based on the “rinsing” principle developed by Wentworth
(1948) and invoked more recently by researchers explaining controls on mixing zone thickness (Rotzoll et
al. 2010, Fratesi 2013). Unstable saltwater upconing can additionally expand an already-wide mixing
zone and cause a well or spring to draw increasingly-saline groundwater (Bear et al., 2001; Werner et al.,
2009). These mechanisms probably contributed to the salinity increase of Sulphur Springs water
occurring slowly since 1964 (Fig. 1-13b) and rapidly since 2002 (Fig. 1-13c). Over time the fractures
intersecting Sulphur Springs Cave would have drawn water from deeper and deeper into the coastal
mixing zone, while the mixing zone itself was expanding and introducing increasingly-saline water to
shallower depths.

Seawater intrusion conceptual model: Wet season recharge
Long term pool head reduction due to pumping would have increased the frequency and time that
deep-sourced, saline groundwater resided in the fractures intersecting Sulphur Springs Cave. Because
matrix porosity communicates freely with fractures and voids in eogenetic karst, this vertically-infiltrating
saline water likely leaked from fractures and migrated laterally into the shallow Suwannee Limestone
underlying Sulphur Springs Cave (Fig. 1-13b & c). This mechanism is similar to that proposed by
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Spechler (1994) to explain salinization of the fractured Floridan Aquifer in northeastern Florida. Stewart
and Mills (1984) reported that the specific conductance and chloride concentrations of the Tourist Club
Well screened in the Suwannee Limestone near Sulphur Springs had steadily increased during the 1970s
and 1980s. In 1963, specific conductance and chloride concentrations in this well were as low as 1,000 µS
cm-1 and 200 mg L-1, respectively (Stewart and Mills 1984). From 1991 to 2017, specific conductance at
this well never dropped below 9,900 µS cm-1 and reached values higher than 19,000 µS cm-1 (Fig. 1-9a),
with chloride concentrations as high as 5,750 mg L-1. In summary, the specific conductance of Suwannee
Limestone groundwater nearby Sulphur Springs increased concurrently with that of Sulphur Springs
water. This saline groundwater was present no deeper than 97 m below land surface (the maximum
screened interval of the Tourist Club Well; Table 1-1), corresponding to the depth of wackestone-rich
Suwannee Limestone layers. This phenomenon was only observed in the immediate Sulphur Springs area,
as data from other local wells screened at similar intervals did not indicate specific conductance increases
(Table 1-1).
The low maximum to mean discharge ratio of Sulphur Springs (1.4 during the 2017 wet season)
supports the idea that diffuse recharge to exposures of the cave’s parent limestone drove spring discharge
more than did recharge to discrete locations (i.e., sinkholes; Florea and Vacher 2006). When recharge
events occurred, the immediate response of Sulphur Springs discharge was primarily due to the
propagation of a pressure wave through the system, with direct stormwater input from nearby sinkholes
being less important. Discrete recharge still seemed to impact Sulphur Springs Cave, however, by
introducing rainwater directly to the system and producing short-lived decreases in specific conductance
(Fig. 1-6). Input from discrete recharge points probably introduced surface-derived nutrients and oxygen
to the cave as well.
Despite the short-lived influence that discrete recharge had on Sulphur Springs, specific
conductance at this site increased throughout wet seasons (Figs. 1-5 & 1-6). During the 2017 wet season,
spring discharge responded immediately to Suwannee Limestone recharge, with both factors peaking after
Hurricane Irma (10 September 2017; Fig. 1-6). The turbulent movement of groundwater through the cave
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and could have entrained salt vent water and mixed it with bulk cave water, but because specific
conductance at the spring continued to increase long after seasonal discharge peaked (Fig. 1-6), this is an
unlikely mechanism of Sulphur Springs salinization. Diffuse Suwannee Limestone recharge best
correlated to specific conductance when recharge was lagged 25 d (Fig. 1-6). This 25-d delay might have
corresponded to the travel time that saline groundwater from fracture leakage in the shallow Suwannee
Limestone took to migrate to the spring head after it was pressurized by recharge (Fig. 1-13d).
A similar mechanism was recently proposed by Bicalho et al. (2017) to explain mineralization
trends at Lez Spring in southern France. Groundwater discharging from the karstic Lez Spring became
increasingly mineralized for short periods after the occurrence of recharge events large enough to raise
regional aquifer head to near-saturation levels (Bicalho et al. 2012, 2017). The source of mineralized
water in this artesian system was a confined layer of evaporites, from which saline groundwater migrated
vertically through confinement-breaching faults, then leaked from the faults and moved laterally into the
main aquifer creating shallow reservoir of slightly-saline water. Bicalho et al. (2017) invoked the concept
of “piston-flow” groundwater movement to explain the contribution of mineralized water to Lez Spring
discharge after large rainfall events. Under “piston-flow” conditions, intense recharge increases aquifer
hydraulic gradients, which deepens groundwater flow-paths and mobilizes deeper, long residence-time
waters. This concept is commonly used in the karst aquifer literature to explain sporadic, rechargeinduced discharge of mineralized spring water (Lopez-Chicano et al. 2001, Desmarais and Rojstaczer
2002).
At Sulphur Springs, the increasingly-saline, matrix-stored groundwater screened by the Tourist
Club Well beneath Sulphur Springs Cave probably resided below the wackestone-rich layers of Suwannee
Limestone identified in a nearby Florida Geological Survey lithology (Fig. 1-2; O’Sullivan and Werner
1991). The wackestone-confined saline groundwater would have received more artesian pressure for any
given recharge event than would freshwater in overlying aquifer units (Fig. 1-13d). The presence of
multiple leaky confining units in the Sulphur Springs hydrogeological system makes this a multi-story
artesian system (described by Klimchouk 2017), with hydrochemically distinct water residing in each
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story. This explains the increase in Sulphur Springs specific conductance observed throughout wet
seasons better than does the “piston-flow” concept. Recharge-induced mineralization at Lez Spring
occurred sporadically and lasted on the order of a few days before specific conductance levels returned to
normal, even while aquifer head remained high (Bicalho et al. 2012 their Fig. 6; Bicalho et al. 2017, their
Fig. 4). Specific conductance at Sulphur Springs increased almost continuously throughout the 2017 wet
season, and continued to stay high for about a month beyond peak aquifer level (Fig. 1-6). This pattern
was mostly observed throughout the rest of the study period and was supported by our partial correlation
analyses (Fig. 1-5, Table 1-2).
For the Sulphur Springs system, the aquifer level-specific conductance partial correlation
coefficient we calculated when the pool level remained >1.8 m asl was higher than that for the pool levelspecific conductance partial correlation coefficient under the same conditions. Though statistically
significant, the coefficient was low (r = 0.33; Table 1-2a), indicating that there must be another variable
that our simple conceptual model did not consider. Other variables affecting Sulphur Springs specific
conductance trends could include subtidal sea level variations, water levels in local sinkholes, or artesian
pressure in the Avon Park Formation, where the intruding seawater wedge likely resides.

Well-survey and hydrochemical evidence
The Tourist Club Well was screened at an interval encompassing the Suwannee Limestone above
and below a wackestone layer, and has experienced an increase in specific conductance since at least
1971 (Stewart and Mills, 1984; Fig. 1-9a). No other Suwannee Limestone-screened wells in the area
showed evidence of seawater intrusion (Table 1-1). A deeper well located southwest of Sulphur Springs
(i.e., Deep Sligh Park, screened in the Avon Park Formation) showed an increasing specific conductance
trend similar to that of the Tourist Club Well (Fig. 1-9a, Table 1-1), suggesting an upward migration or
expansion of the coastal mixing zone in this area. Another well screened at a similar depth as the Deep
Sligh Park Well located southeast of Sulphur Springs (i.e., Hillsborough Dam: Avon Park) contained
more saline water, but did not experience an increase in specific conductance (Fig. 1-9b). Potentiometric
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head above the Hillsborough Dam Well was less likely to oscillate since it is located near a large
reservoir, perhaps explaining why specific conductance did not increase here.
Most recently, the saline water found in Sulphur Springs and Tourist Club Well was
hydrochemically similar to modern seawater (Fig. 1-11). Based on the relatively high sulfate
concentrations they measured at Sulphur Springs, Menke et al. (1961) hypothesized that the source of the
vertically-infiltrating saline water was not seawater, but instead gypsum-influenced water from below the
Ocala Limestone confinement. Indeed, based on our analysis of historical data, Sulphur Springs water in
the 1950s and 1960s fell into the calcium-sulfate type (Fig. 1-11). The same analysis of more recent
measurements suggested that the increasing specific conductance of Sulphur Springs was due to the
influence of sodium-chloride type water (Fig. 1-11). The sulfate-enriched water influencing Sulphur
Springs hydrochemistry must have been sourced from freshwater portions of the Tampa and Suwannee
Limestones, since this type of water is found in well ROMP 66 (Fig. 1-11). Future stable oxygen and
hydrogen isotope analysis of Sulphur Springs salt vent water will clarify if this water is indeed intruding
modern seawater and not residual Pleistocene seawater leftover from a past high sea level stand.
Hydrochemical analysis reported by Trommer (1993, p. 13) suggested that the aquifer in our study area
has been flushed of residual seawater, and therefore that groundwater mineralization in the area is a result
of freshwater mixing with intruding modern seawater. Our analysis of major ion data provided by
SWFWMD at least made it clear that the vertically-infiltrating water was not sourced from the Lower
Floridan Aquifer, which contains calcium-sulfate type water (e.g., Spechler 1994, Moore et al. 2009).

Ecosystem impacts of saltwater intrusion and conservation of Sulphur Springs Cave
Throughout 2017, nutrient concentrations were measured from bulk water from the sampling
station in the cave (data not shown). The cave was oligotrophic, and the only nutrient concentration to
correlate with specific conductance was that of sulfide, which varied between ~0.5-5 µg L-1 (partial
correlation controlling for date; r = 0.98, p = 0.022, n = 7). The long-residing, anoxic, saline groundwater
migrating vertically into Sulphur Springs Cave was therefore probably rich in sulfide. This was
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corroborated by the observation that Sulphur Springs Cave salt vent water had a strong sulfidic odor,
while bulk cave water did not. Sulfide is usually present in anoxic groundwaters where sulfate or sulfur
concentrations are also high, and is produced by sulfur-reducing bacteria. While sulfide seems to be
another tracer of salt vent influence, its presence might also have an impact on the cave ecosystem.
Based on their morphology and ecological niche, the feathery, white microbial mats growing near
Sulphur Springs Cave salt vents are likely sulfide-oxidizing Gammaproteobacteria, similar to those found
in Frasassi Cave, Italy (Macalady et al. 2006). Any sulfide-oxidizing bacteria living in Sulphur Springs
Cave could produce sulfuric acid as a metabolic byproduct, enhancing limestone dissolution (Engel et al.
2004). Enhanced speleogenesis would primarily enlarge salt vents around which the acid-producing
bacteria live, leading to an increased rate of vertical infiltration as fracture diameter grows. Additionally,
sulfide is toxic to aquatic macro-organisms (see Tobler et al. 2011), so increased sulfide concentrations in
the Sulphur Springs system would be detrimental to the cave, spring, and downstream ecosystems.
Over the past century, the hydrochemistry of water in Sulphur Springs Cave has increasingly
resembled that of its salt vents (Figs. 1-4, 1-5, 1-8). The brown microbial mats observed on the cave walls
contained varying amounts of white filaments, and microscope images of brown mat samples showed that
the segmented filaments characteristic of the feathery mats are sometimes present (Fig. 1-7a i-iii). As
municipal groundwater extraction alters the Sulphur Springs Cave ecosystem, conditions will probably
favor the growth of sulfur-oxidizing bacteria at the cost of brown iron-cycling/sulfur-reducing bacteria
(metabolic capability of brown Sulphur Springs Cave mats was determined by Garman (2010, p. 82)). A
community overhaul by sulfur-oxidizers would possibly lead to enhanced dissolution of the cave, which
underlies a busy highway in metropolitan Tampa.
Additionally, while Garman (2010) usually recorded the presence of dissolved oxygen in Sulphur
Springs Cave on dives conducted in the early 2000s (Fig. 1-8), the Main Tunnel was anoxic for all of
2017 except for during a few days in November (data not shown). Some tunnels of Sulphur Springs Cave
are home to stygobitic crustaceans (Garman 2010). If dissolved oxygen levels throughout the entire cave
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currently drop to zero for many months at a time, Sulphur Springs Cave may no longer be able to support
these rare, cave-adapted animals.
The specific conductance of Sulphur Springs has increased rapidly since diversions to the Lower
Hillsborough River began in 2002 (Fig. 1-4). As specific conductance continues to increase, it is likely
that associated factors such as sulfide concentrations, anoxia, temperature, and acidity will increase as
well. To effectively conserve the ecosystem of this urban cave, alternative methods of supporting the
minimum flows of the Lower Hillsborough River are needed. This is especially apparent in the
observation that eventually Sulphur Springs water will no longer be able to support low-salinity habitat in
the river below the dam.

Conclusions
Sulphur Springs specific conductance has increased more than 10-fold (from <500 µS cm-1 to
~5,000 µS cm-1 or higher) and has changed from being of calcium-sulfate type to sodium-chloride type
since 1946, long before groundwater extraction at this site began. Vents issuing saline water in Sulphur
Springs Cave were likely connected to bedrock fractures which breached confining units and either
intercepted or upconed coastal mixing zone water. The dynamic, annual-timescale specific conductance
trends observed at Sulphur Springs were primarily caused by interactions between aquifer head and
anthropogenic manipulation of spring pool level. Dry season specific conductance spikes in Sulphur
Springs Cave were explained by municipal pumping activity and subsequent pool level lowering, while
wet season specific conductance highs were probably due to regional aquifer recharge disproportionately
pressurizing confined, saline groundwater units. The decadal-timescale specific conductance increase at
this site was probably related to anthropogenic changes in coastal mixing zone position and shape. If
current trends continue, Sulphur Springs water may eventually become unsuitable for the maintenance of
low-salinity habitat in the Lower Hillsborough River.
Our model focuses on the water levels of the Sulphur Springs pool and the regional Upper
Floridan Aquifer, the two most likely forces which drive specific conductance trends at Sulphur Springs.
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It does not include the possible effect of subtidal sea level variations, water levels in hydraulicallyconnected sinkholes, or artesian pressure variation in deeper confined aquifer units that could host the
seawater wedge. Our study does demonstrate the effect of direct groundwater extraction from coastal
karst, and the importance of considering regional hydrogeology when interpreting the dynamics of localscale features. Although coastal karst features are easy targets for groundwater extraction, the complexity
of these systems makes them vulnerable to mismanagement. The increasing urbanization of coasts will
surely impact these unique ecosystems throughout the world, but their deterioration can be prevented by
the development of science-based karst aquifer management plans.

Acknowledgments
This work was supported by the Cave Research Foundation Philip M. Smith Graduate Research
Award and a research grant from the National Speleological Society to RJS. The University of South
Florida also funded part of this project. We thank the City of Tampa for their collaboration in this project.
We also thank Jason Gulley for providing feedback to an early version of this manuscript.

References
Bear, J., Zhou, Q. & Bensabat, J. 2001. Three dimensional simulation of seawater intrusion in
heterogeneous aquifers, with application to the coastal aquifer of Israel, in: Proceedings of the
First International Conference on Saltwater Intrusion and Coastal Aquifers-Monitoring,
Modeling, and Management, Essaouira, Morocco, April 23-25.

Beddows, P. A., Smart, P. L., Whitaker, F. F. & Smith, S. L. 2007. Decoupled fresh–saline groundwater
circulation of a coastal carbonate aquifer: Spatial patterns of temperature and specific electrical
conductivity. J. Hydrol. 346, 18-42.

40

Bower, J., Motz, L. & Durden, D. 1999. Analytical solution for determining the critical condition of
saltwater upconing in a leaky artesian aquifer. J. Hydrol. 221, 43-54.

Brigmon, R., Martin, W., Morris, T., Bitton, G. & Zam, S. 1994. Biogeochemical ecology of Thiothrix
spp. in underwater limestone caves. Geomicrobiol. J. 12, 141-59.

Bicalho, C. C., Batiot-Guilhe, C., Seidel, J., Van Exter, S. & Jourde, H. 2012. Geochemical evidence of
water source characterization and hydrodynamic responses in a karst aquifer. J. Hydrol. 450-451,
206-218.

Bicalho, C. C., Batiot-Guilhe, C., Taupin, J., Patris, N., Van Exter, S. & Jourde, H. 2017. A conceptual
model for groundwater circulation using isotopes and geochemical tracers coupled with
hydrodynamics: a case study of the Lez karst system, France. Chem. Geol.
https://doi.org/10.1016/j.chemgeo.2017.08.014.

Calijuri, M., de Aguiar do Couto, E., da Fonseca Santiago, A., de Arruda Camargo, R. & e Silva, M.
2012. Evaluation of the influence of natural and anthropogenic processes on water quality in
karstic region. Water Air Soil Pollut. 223, 2157-2168.

Calvache, M. & Pulido-Bosch, A. 1997. Effects of geology and human activity on the dynamics of saltwater intrusion in three coastal aquifers in southern Spain. Environ. Geol. 30, 215-223.

de Louw, P. G. B., Oude Essink, G. H. P., Stuyfzand, P. J. & van der Zee, S. E. A. T. M. 2010. Upward
groundwater flow in boils as the dominant mechanism of salinization in deep polders, the
Netherlands. J. Hydrol. 394, 494-506.

41

Desmarais, K. & Rojstaczer, S. 2002. Inferring source waters from measurements of carbonate spring
response to storms. J. Hydrol. 260, 1-4.

EEC, Environmental Engineering Consultants, Inc. 1990. Dye Test and Water Quality Sampling Final
Report Sulphur Springs Pool, January - October 1989. Prepared for the Hillsborough River Basin
Board and Southwest Florida Water Management District.

Engel, A., Stern, L. & Bennett, P. 2004. Microbial contributions to cave formation: new insights into
sulfuric acid speleogenesis. Geol. 32, 369-372.

Florea, L. & Vacher, H. 2006. Springflow hydrographs: eogenetic vs. telogenetic karst. Ground Water 44,
352-361.

Florea, L. & Vacher, H. 2007. Eogenetic karst hydrology: insights from the 2004 hurricanes, peninsular
Florida. Ground Water 45, 439-446.

Fratesi, B. 2013. Hydrology and geochemistry of the freshwater lens in coastal karst, in: Lace, M. J. &
Mylroie, J. E. (Eds.) Coastal Karst Landforms. Springer Science+Business Media, Dordrecht, pp.
59-75.

Garcia-Menendez, O., Morell, I., Ballesteros, B., Renau-Prunonosa, A., Revau-Llorens, A. & Esteller, M.
V. 2016. Spatial characterization of the seawater upconing process in a coastal Mediterranean
aquifer (Plana de Castellon, Spain): evolution and controls. Environ. Earth Sci. 75, 728.

Garman, K. M. & Garey, J. 2005. The transition of a freshwater karst aquifer to an anoxic marine system.
Estuaries 28, 686-693.
42

Garman, K. M., Rubelmann, H., Karlen, D., Wu, T. & Garey, J. 2011. Comparison of an inactive
submarine spring with an active nearshore anchialine spring in Florida. Hydrobiologia 677, 6587.

Garman, K. M. 2010. The biogeochemistry of submerged coastal karst features in west central Florida.
PhD Dissertation, University of South Florida.

Giambastiani, B., Colombani, N., Mastrocicco, M. & Fidelibus, M. 2013. Characterization of the lowland
coastal aquifer of Comacchio (Ferrara, Italy): hydrology, hydrochemistry and evolution of the
system. J. Hydrol. 501, 35-44.

Green, R., Evans III, W., Williams, C., Kromhout, C., Basset, S. & Hannon, L. 2012. Open-file map
series 104, Plate 2: Geologic cross-sections for the USGS Tarpon Springs 30x60 minute
quadrangle, Central Florida. Florida Geological Survey.

Hickey, J. 1981. Hydrogeology, estimated impact, and regional well monitoring of effects of subsurface
wastewater injection, Tampa Bay area, Florida. USGS Water-Resources Investigations Report
80-18, 40 p.

Hutchinson, C.B. 1983. Assessment of the interconnection between Tampa Bay and the Floridan Aquifer,
Florida. USGS Water-Resources Investigations Report 82-54, 61 p.

Jakovovic, D., Werner, A., de Louw, P. G. B., Post, V. & Morgan, L. 2016. Saltwater upconing zone of
influence. Adv. Water Res. 94, 46-86.

43

Jiang, Y., Wu, Y., Groves, C., Yuan, D. & Kambesis, P. 2009. Natural and anthropogenic factors
affecting the groundwater quality in the Nandong karst underground river system in Yunan,
China. J. Contam. Hydrol. 109, 49-61.

Karro, E., Marandi, A. & Vaikmae, R. 2004. The origin of increased salinity in the Cambrian-Vendian
aquifer on the Kopli Peninsula, northern Estonia. Hydrogeol. J. 12, 424-435.

Kazakis, N., Spiliotis, M., Voudouris, K., Pliakas, F. & Papadopoulos, B. 2018. A fuzzy multicriteria
categorization of the GALDIT method to assess seawater intrusion vulnerability of coastal
aquifer. Sci. Tot. Env. 621, 524-534.

Kim, S. 2015. ppcor: An R Package for a Fast Calculation to Semi-partial Correlation Coefficients.
Commun. Stat. Appl. Methods 22, 665-674.

Klimchouk, A. 2017. Types and settings of hypogene karst, in: Klimchouk, A., Palmer, A., De Waele, J.,
Auler, A. & Audra, P. (Eds.), Hypogene Karst Regions and Caves of the World. Springer
International Publishing AG, Cham, pp. 1-39.

Lewelling, R., Tihansky, A. & Kindinger, J. 1998. Assessment of the hydraulic connection between
groundwater and the Peace River, West-Central Florida. USGS Water-Resources Investigations
Report 97-4211, 102 p.

Lopez-Chicano, M., Bouamama, M., Vallejos, A. & Pulido-Bosch, A. 2001. Factors which determine the
hydrogeochemical behaviour of karstic springs. A case study from the Betic Cordilleras, Spain.
Appl. Geochem. 16, 9-10.

44

Macalady, J., Lyon, E., Koffman, B., Albertson, L., Meyer, K., Galdenzi, S. & Mariani, S. 2006.
Dominant microbial populations in limestone-corroding stream biofilms, Frasassi Cave System,
Italy. Appl. Environ. Microbiol. 72, 5596-5609.

Martin, J. & Gordon, S., 2000. Surface and ground water mixing, flow paths, and temporal variations in
chemical compositions of karst springs, in: Sasowsky, I., Wicks, C. (Eds.), Groundwater Flow
and Contaminant Transport in Carbonate Aquifers. A. A. Balkema, Rotterdam, pp. 65-92.

Martin, J. B. & Dean, R. W. 2001. Exchange of water between conduits and matrix in the Floridan
aquifer. Chem. Geol.179, 145-165.

Mazi, K., Koussis, A. & Destouni, G. 2016. Quantifying a sustainable management space for human use
of coastal groundwater under multiple change pressures. Water Resour. Manage. 30, 4063-4080.

Menning, D., Wynn, J. & Garey, J. 2015. Karst estuaries are governed by interactions between inland
hydrological conditions and sea level. J. Hydrol. 527, 718-733.

Menning, D., Carraher-Stross, W., Graham, E., Thomas, D., Philips, A., Scharping, R. & Garey, J. 2018.
Aquifer discharge drives microbial community change in karst estuaries. Estuaries and Coasts 41,
430-443.

Menke, C., Meredith, E. & Wetterhall, W. 1961. Water resources of Hilssborough County, Florida. FGS
Report of Investigations 25, 101 p.

Michael, H., Post, V., Wilson, A. & Werner, A. 2017. Science, society, and the coastal groundwater
squeeze. Water Resour. Res. 53, 2610-2617.
45

Miller, J. 1986. Hydrogeologic framework of the Floridan aquifer system in Florida and in parts of
Georgia, Alabama, and South Carolina. USGS Professional Paper 1403-B, 91 p.

Montety, V., Radakovitch, O., Vallet-Coulomb, C., Blavoux, B., Hermitte, D. & Valles, V. 2008. Origin
of groundwater salinity and hydrogeochemical processes in a confined coastal aquifer: case of the
Rhone delta (Southern France). Appl. Geochem. 23, 2337-2349.

Moore, P.J., Martin, J. & Screaton, E. 2009. Geochemical and statistical evidence of recharge, mixing,
and controls on spring discharge in an eogenetic karst aquifer. J. Hydrol. 376, 443-455.

Motevalli, A., Moradi, H. & Javadi, S. 2018. A comprehensive evaluation of groundwater vulnerability to
saltwater up-coning and sea water intrusion in a coastal aquifer (case study: Ghaemshahr-juybar
aquifer). J. Hydrol. 557, 753-773.

Mulligan, A., Evans, R. & Lizarralde, D. 2007. The role of paleochannels in groundwater/seawater
exchange. J. Hydrol. 335, 313-329.

Neumann, B., Vafeidis, A., Zimmermann, J. & Nicholls, R. 2015. Future coastal population growth and
exposure to sea-level rise and coastal flooding—a global assessment. PLOS ONE 10, e0118571.

O’Sullivan, M. & Werner, C. 1991. Lighologic well log printout: well number W-16658. Florida
Geological Survey, 25 p.

Parker, G., Ferguson, G. & Love, S. 1955. Water resources of southeastern Florida. USGS Water-Supply
Paper 1255, 965 p.

46

R Development Core Team. 2008. R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, URL
http://www.R-project.org.

Robinson, J. 1995. Hydrogeology and results of tracer tests at the old Tampa well field in Hillsborough
County, with implications for wellhead-protection strategies in west-central Florida. USGS
Water-Resources Investigations Report 93-4171, 68 p.

Rosenau, J., Faulkner, G., Hendry Jr., C. & Hull, R. 1977. Springs of Florida (revised). Florida Bureau of
Geology Bulletin 31, 461 p.

Rosenthal, E. 1988. Hydrochemistry of groundwater at unique outlets of the Bet Shean-Harod multipleaquifer system, Israel. J. Hydrol. 97, 75-87.

Rotzoll, K., Oki, D. & El-Kadi, A. 2010. Changes of freswater-lens thickness in basaltic island aquifers
overlain by thick coastal sediments. Hydrogeol. J. 18, 1425-1436.

Schreuder Consulting, Inc. 1997. Report on the pump test to determining the quantity and quality of
spring flow at the Blue Sink Complex in the city of Tampa, August, 1997.

Schreuder Consulting, Inc. 2001. Hydrogeological investigation of the Blue Sink Complex, Tampa,
Florida – Phase 2, June 2001.

Spechler, R. 1994. Saltwater intrusion and quality of water in the Floridan aquifer system, Northeastern
Florida. USGS Water-Resources Investigations Report 92-4171, 84 p.

47

Spechler, R. & Kroening, S. 2007. Hydrology of Polk County, Florida. USGS Scientific Investigations
Report 2006-5321, 122 p.

Stewart, J. & Mills, L. 1984. Hydrogeology of the Sulphur Springs area, Tampa, FL. USGS WaterResource Investigations Report 83-4085, 1 p.

SWFWMD, Southwest Florida Water Management District. 1988. Ground-water resource availability
inventory, Hillsborough County, Florida. SWFWMD and Planning Departments Report, 203 p.

SWFWMD, Southwest Florida Water Management District. 2004. The determination of minimum flows
for Sulphur Springs, Tampa, Florida. SWFWMD Report, 265 p.

SWFWMD, Southwest Florida Water Management District. 2006. Lower Hillsborough River low flow
study results and minimum flow recommendation. SWFWMD Report, 208 p.

SWFWMD, Southwest Florida Water Management District. Water Management Information System.
http://www18.swfwmd.state.fl.us/ResData/Search/ExtDefault.aspx. Last accessed: March 2018.

Tellam, J., Lloyd, J. & Walters, M. 1986. The morphology of a saline groundwater body: its investigation,
description and possible explanation. J. Hydrol. 83, 1-21.

Tobler, M., Palacios, M., Chapman, L., Mitrofanof, I., Bierbach, D., Plath, M., Arias-Rodriguez, L.,
Garcia de Leon, F. & Mateos, M. 2011. Evolution in extreme environments: replicated
phenotypic differentiation in livebearing fish inhabiting sulfidic springs. Evolution 65, 22132228.

48

Trommer, J. T. 1993. Description and monitoring of the saltwater-freshwater transition zone in aquifer
along the west-central coast of Florida. USGS Water-Resources Investigations Report 93-4120,
56 p.

Trommer, J. T., Yobbi, D. & McBride, W. 2009. Surface-water and groundwater interactions along the
Withlacoochee River, West-Central Florida. USGS Scientific Investigations Report 2009-5124,
53 p.

USGS, U.S. Geological Survey. National Water Information System: Current Conditions for USGS
02306000 Sulphur Springs at Sulphur Springs, FL.
https://waterdata.usgs.gov/usa/nwis/uv?02306000. Last accessed: March 2018.

Vacher, H. L. & Mylroie, J. L. 2002. Eogenetic karst from the perspective of an equivalent porous
medium. Carbonates and Evaporites 17, 182-196.

Van Rees Vellinga, E., Toussaint, C. & Wit, K. 1981. Water quality and hydrology in a coastal region of
the Netherlands. J. Hydrol. 50, 105-127.

Vera, I., Marino-Tapia, I. & Enriquez, C. 2012. Effects of drought and subtidal sea-level variability on
salt intrusion in a coastal karst aquifer. Mar. Fresh. Res. 63, 485-493.

Werner, A., Jakovovic, D. & Simmons, C. 2009. Experimental observations of saltwater up-coning. J.
Hydrol. 373, 230-241.

Werner, A., Ward, J., Morgan, L., Simmons, C., Robinson, N. & Turner, M. 2012. Vulnerability
indicators of sea water intrusion. Ground Water 50, 48-58.
49

Werner, A., Bakker, M., Post, V., Vandenbohede, A., Lu, C., Ataie-Ashtani, B., Simmons, C. & Barry, D.
2013. Seawater intrusion processes, investigation and management: recent advances and future
chanllenges. Adv. Water Res. 51, 3-26.

Weyer, K. 2018. The case of the Biscayne Bay and aquifer near Miami, Florida: density-driven flow of
seawater or gravitationally driven discharge of deep saline groundwater? Environ. Earth Sci. 77,
1.

WHO, World Health Organization. 2011. Guidelines for drinking-water quality, 4th ed., 564 p.

Winston, R. B. 2000. Graphical User Interface for MODFLOW, Version 4. USGS Open-File Report 00315, 27 p.

Wolansky, R. & Thompson, T. 1987. Relation between ground water and surface water in the
Hillsborough River Basin, West-Central Florida. USGS Water-Resources Investigations Report
87-4010, 63 p.

Wood, C. & Harrington, G. 2015. Influence of seasonal variations in sea level on the salinity regime of a
coastal groundwater-fed wetland. Ground Water 53, 90-98.

Xu, Z., Bassett, S., Hu, B. & Dyer, S. 2016. Long distance seawater intrusion through a karst conduit
network in the Woodville Karst Plain, Florida. Sci. Rep. 6, 3223.

50

CHAPTER TWO
USING MICROBIAL INDICATOR TAXA TO TRACE SOURCES OF WATER AND
CONTAMINANTS IN AN URBAN KARST SUBTERRANEAN ESTUARY

Introduction
Microbial indicator taxa in urban groundwater and autochthonous aquifer biofilms
The use of indicator species is a key component of conservation plans for ecosystems impacted
by anthropogenic stressors (Landres et al. 1988, Fleishman and Murphy 2009). Indicator species are
particularly useful in ecological assessments of urban aquifers, which are faced with high loads of
inorganic nutrients and the infiltration of domestic sewage and industrial wastewater (Sharp 2010, Huang
et al. 2020). The presence of certain microbes, such as fecal coliform bacteria, in groundwater can
indicate the presence of contaminants associated with urban land use (Wicki et al. 2015, Jiang et al.
2018). While indicator microbes alert resource managers to anthropogenic groundwater contamination,
knowledge gaps persist concerning the relationship between presumably allochthonous indicators and
relevant autochthonous aquifer microbial communities (Page et al. 2017, Epting et al. 2018). These
knowledge gaps limit the ability of managers and scientists to interpret the presence or absence of
indicator taxa in groundwater-dependent ecosystems.
The autochthonous communities of aquifer environments are dominated by microbes living
attached to surfaces, and these attached cells often form biofilms. Current estimates of
attached:unattached ratios for microbial communities dwelling in the continental subsurface vary by 5
orders of magnitude (Magnabosco et al. 2018), but typically fall within the range of 100:1-1000:1
(Flemming and Wuertz 2019). Furthermore, attached microbes that form biofilms account for 20-80% of
cells in these environments (Flemming and Wuertz 2019). To verify whether certain groundwater-borne
microbes are indeed indicators of anthropogenic aquifer contamination, the community dynamics of
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autochthonous subsurface biofilms must be studied concurrently with those of unattached microbes that
are presumed to be allochthonous.
The current study addresses whether autochthonous aquifer biofilms can influence of the presence
of presumed microbial indicator taxa in groundwater. This question was approached though a time series
analysis of two microbial communities in a submerged karst aquifer conduit, 1) biofilm attached to the
conduit wall, and 2) the unattached bacteria present in the adjacent water column. It was hypothesized
that the community structure dynamics of the biofilm would be reflected in those of the unattached
bacterial community.
In concert with this aim, taxa related to the commonly used microbial indicator group, coliform
bacteria, were used to trace sources of urban contamination at Sulphur Springs, a karst spring of
conservation concern in metropolitan Tampa, Florida, USA. The relative abundances of other unattached
microbial taxa were investigated in an attempt to trace different sources of groundwater that feed Sulphur
Springs. Increased understanding of the contamination and water sources of Sulphur Springs will inform
future ecosystem management plans for this site and for other springs in urban watersheds. Nextgeneration DNA sequencing was used to characterize the biofilm and unattached bacterial communities
collected inside the cave underlying Sulphur Springs throughout a ~1.5-year period. These data were
contextualized with hydrological and physicochemical measurements, and with a literature review of
previous studies of Sulphur Springs urban karst hydrogeology and coliform contamination dynamics.

Sulphur Springs urban karst hydrogeology
Sulphur Springs Cave is an underwater cave system part of the limestone karst topography of
Tampa, Florida, USA (Fig. 2-1a). The cave discharges water via a submerged artesian spring, and fills the
impounded Sulphur Springs Pool (Fig. 2-1b). Sulphur Springs is one of the main tributaries of the
Hillsborough River, which is itself the largest tributary of Tampa Bay (Moyer et al. 2015). The
Hillsborough River is dammed upstream of Sulphur Springs to store public water supply in the
Hillsborough River Reservoir (SWFWMD 2015). During dry seasons, local resource managers frequently
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Figure 2-1. The study area in metropolitan Tampa, Florida, USA. A) The location of Sulphur Springs
(open circle) and sinkholes that exhibit hydraulic connections to Sulphur Springs (gray circles). Also
shown are the two groundwater well sites used in the study (black squares). B) The impounded Sulphur
Springs Pool, looking south toward the Hillsborough River. The entrance to Sulphur Springs Cave is in
the middle of this pool, ~10 m beneath the water’s surface. The scum line seen around the walls of the
pool is revealed when groundwater extraction from the pool lowers its water level. A pump intake pipe
with a diameter of ~1 m is located below the water’s surface.
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extract spring water from Sulphur Springs Pool (Scharping et al. 2018), and the extracted water is pumped
to the base of the Hillsborough River Dam to maintain flows and low-salinity habitat in estuarine portions
of the river when releases from the reservoir are insufficient to do so (SWFWMD 2015).
The limestone in which Sulphur Springs Cave is developed hosts the artesian Upper Floridan
Aquifer, which is locally overlain by a clay confining unit and an unconfined, sandy surficial aquifer
(Stewart and Mills 1984). The top of the artesian aquifer in this area is typically 10-15 m below land
surface (Stewart and Mills 1984), and most of the ~1 km of Sulphur Springs Cave passageway lies at
depths 20-30 m below the potentiometric surface of this aquifer (Scharping et al. 2018). The artesian
aquifer surrounding Sulphur Springs Cave contains fresh water, but fractures in the cave floor provide
pathways for deep-sourced saline water to enter the cave (Scharping et al. 2018). Near these fracture-fed
saltwater vents, vertically intruding saline water and slightly brackish cave water remain density
stratified, and this phenomenon produces a karst subterranean estuary in Sulphur Springs Cave. The
salinity of Sulphur Springs water has increased from fresh to ~5,000 µS cm-1 between 1946-2017 as a
result of seawater intrusion through these fractures, which has been accelerated by spring water extraction
from Sulphur Springs Pool (Scharping et al. 2018). Groundwater flow in the Sulphur Springs area is
generally from north to south, and is accelerated by the presence of fractures and karst solution features,
including a series of sinkholes within ~4 km north of Sulphur Springs (Fig. 2-1).
Sinkholes and fractures in the Sulphur Springs area breach the clay confining unit and connect the
underlying artesian aquifer with 1) surface water bodies, 2) urban stormwater runoff, and 3) the surficial
aquifer. Curiosity Sink and Blue Sink (Fig. 2-1) historically acted as swallets for Curiosity Creek, a short,
intermittent, sinking stream that drains a swampy area north of the Sulphur Springs area. Flooding in the
1970s filled in Curiosity Sink and Blue Sink with sediment and debris, which reduced the connectivity
between these sinks and the artesian aquifer, and reduced the efficiency with which these sinks drain
Curiosity Creek (MWH 2009, SWFWMD 2009). This in-filling has blocked previously established dye
trace connections between these two sinks and Sulphur Springs (Menke et al. 1961, MWH 2009).
However, dye tracing conducted post-blockage showed that dye injected into Blue Sink can be detected in
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nearby wells (Wallace 1993), and, even more recently, pumping-induced drawdown of Blue Sink water
levels generated a depression cone in the potentiometric surface of the underlying artesian aquifer
(SWFWMD 2009). This implies that while the rapid, direct connection between Blue Sink and Sulphur
Springs Cave may be blocked, hydraulic communication between Blue Sink and the artesian aquifer still
exists, likely via primary (matrix) porosity. Importantly, the zone of influence that Blue Sink has on the
artesian aquifer intercepts the Hondaland Sink area (Fig. 2-1; SWFWMD 2009), a series of sinkholes that
have maintained hydraulic connectivity with Sulphur Springs (MWH 2009).
Pump tests and dye tracing have confirmed that rapid hydraulic connections remain intact
between Sulphur Springs and other major sinkholes in the area (Fig. 2-1), including those that receive
urban stormwater runoff. Maintained pumping from Sulphur Springs Pool reduces water levels of the
pool, which induces potentiometric surface level reductions in the local artesian aquifer and lowers water
levels in nearby sinkholes (Fig. 2-1; MWH 2009). Tracer dye injected into Jasmine Sink or Orchid Sink
takes ~24 hrs to travel to Sulphur Springs, and dye injected into Alaska Sink takes ~6 hrs to arrive at
Sulphur Springs (MWH 2009). Stormwater runoff from large commercial and residential areas is directed
into Jasmine Sink and Orchid Sink, and Alaska Sink receives a runoff from a small residential area
(Stewart and Mills 1984, Wallace 1993).
A final way that sinkholes and fractures in the Sulphur Springs area contribute to the rapid
recharge of the local artesian aquifer is by connecting it to the overlying surficial aquifer (Menke et al.
1961). These features contribute to leakiness in the confining unit that divides the two aquifers. Where the
surficial aquifer water table is lower than the potentiometric surface of the underlying artesian aquifer,
water may move upward through fractures and sinkholes from the artesian aquifer into the surficial
aquifer. When the artesian potentiometric surface is lower than the water table in the overlying surficial
aquifer, groundwater can move downward from the surficial aquifer into the artesian aquifer. Under the
latter hydraulic condition, urban contaminants residing in the surficial aquifer could enter the artesian
Sulphur Springs system. Extracting water from Sulphur Springs Pool lowers water levels in the pool and
reduces potentiometric surface levels in the artesian aquifer nearby (MWH 2009), and this activity could
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facilitate downward leakage from the surficial aquifer. The sinkholes in the Sulphur Springs area can act
as sinks (i.e., siphons) or springs (Wallace 1993), a phenomenon that illustrates the dynamic relationships
between sinkhole water levels, surficial aquifer water table levels, and artesian aquifer potentiometric
surface levels.

Using microbial indicator taxa in Sulphur Springs Cave
Sulphur Springs has been monitored for many decades (Menke et al. 1961, Rosenau et al. 1977,
Stewart and Mills 1984, Wallace 1993, Scharping et al. 2018), and several studies have used coliform
bacteria as indicators of the impact of urbanization on Sulphur Springs. Coliform counts have been
measured at Sulphur Springs to indicate the presence of bacteria that are dangerous for human
consumption and contact, and also to trace sources of urban stormwater runoff (Stewart and Mills 1984,
Wallace 1993, MWH 2009). These studies generally associated high coliform counts at Sulphur Springs
with rainfall events strong enough to bring stormwater into the artesian aquifer through sinkholes.
However, measurements collected simultaneously at the sinkholes and Sulphur Springs show that
coliform counts usually increase by an order of magnitude between the points where stormwater enters
and exits the artesian aquifer (MWH 2009). This suggests that stormwater flushing through sinkholes is
not itself the main source of coliform contamination at Sulphur Springs.
Sewage systems are possible alternative sources of Sulphur Springs coliform contamination.
Ratios of fecal coliform and fecal streptococci counts measured at Sulphur Springs indicate that fecal
contamination in the spring is typically sourced from human waste rather than the waste of domestic
animals or wildlife, and major sewer line junctions are present in the surficial aquifer directly overlying
Sulphur Springs Cave (Stewart and Mills 1984). Domestic septic tanks are used in portions of the Sulphur
Springs area that not serviced by the sewer system (e.g., the areas north and west of Blue Sink). High
coliform counts at Sulphur Springs have been associated with periods of spring pool pumping (Stewart
and Mills 1984), an activity which lowers artesian aquifer potentiometric surface levels throughout the
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Sulphur Springs area (MWH 2009). Pumping of the Sulphur Springs Pool thus increases the likelihood of
downward leakage from surficial aquifer sewage systems into the artesian aquifer.
Few studies have examined the role of microbes other than coliform indicators in the Sulphur
Springs ecosystem (Garman 2010, Scharping et al. 2018), but to properly contextualize the abundance of
indicator microbes collected in Sulphur Springs water, the autochthonous biofilm communities of Sulphur
Springs Cave require characterization. Two conspicuous biofilm types inhabit Sulphur Springs Cave
(Scharping et al. 2018). Brown-colored biofilm grows in thick mats on every solid surface in the cave
except for areas near fracture-fed saltwater vents, where delicate, filamentous, white biofilm grows
instead (Scharping et al. 2018). These biofilms also differ from one another in their microscopic structure,
and it is hypothesized that the white biofilm is dominated by sulfur-oxidizing bacteria (Scharping et al.
2018). In the present study, these biofilms were sampled to contextualize a time series analysis of the
unattached bacterial community collected from inside Sulphur Springs Cave. Brown biofilm made up the
overwhelming bulk of the visible Sulphur Springs microbial community, so samples of this biofilm were
collected in a time series complementary to that of the adjacent unattached bacteria. White biofilm
samples were collected on one date in this time series to better understand the microbial communities
living in Sulphur Springs saltwater vent habitats.

Methods
Microbial community sample collection, processing, and DNA sequencing
Microbial community samples were collected from Sulphur Springs Cave by scuba divers.
Samples of brown biofilm and unattached bacterial communities were collected from Sulphur Springs
Cave at ~125 m linear penetration into the cave, at a depth ~28 m below the potentiometric surface. These
samples were collected on 11 dates from 13 Feb 2017 to 06 July 2018 (Figs. 2-2, 2-3). White biofilm
samples were collected from a fracture-fed saltwater vent ~45 m linear penetration into the cave, ~23 m
below potentiometric surface level on 29 March 2018.
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On each sampling date, triplicate brown biofilm samples were collected using sterile plastic
syringes or jars pre-filled with sterilized nanopure water to prevent implosion at depth. On the same dates,
unattached bacterial community samples were collected in triplicate sterile 1-L plastic bottles, which were
also pre-filled with sterilized nanopure water. Triplicate white biofilm samples were collected using sterile
plastic syringes pre-filled with sterilized nanopure water. Sampling jars and bottles were purged
underwater with helium gas before biofilm or groundwater was collected. Samples were kept on ice and in
the dark during transport back to the lab, where they were immediately vacuum-filtered onto 0.2-µm pore
size Millipore filters (Burlington, MA, USA). Using sterile techniques, biofilm residue was scraped from
filters into microcentrifuge tubes then dried in a vacuum centrifuge, and unattached bacteria filters were
transferred into conical vials. Samples were kept at -20 °C until genomic DNA extraction using Qiagen
DNeasy PowerSoil kits (Hilden, Germany). Extracted DNA was stored at -80 °C until sequencing.
Paired-end 300 bp Illumina MiSeq sequencing analysis of biofilm and unattached bacteria DNA
was performed at an external facility (Applied Biological Materials Inc., Richmond, BC, Canada) using
Earth Microbiome Project universal primers (515F/806R) which target the V4 region of the prokaryotic
16S ribosomal RNA gene. Sequencing error rates were <0.2%. Quality control of raw sequence reads was
performed using program mothur v1.40.4 and v1.42.3 (Schloss et al. 2009). Mothur software was also
used to group sequences into operational taxonomic units (OTUs) based on sequences having 97%
similarity (OptiClust algorithm; Westcott and Schloss 2017). Rare OTUs (n ≤ 10 sequences) were
removed (Brown et al. 2015), and then each community type was subsampled to the sequencing depth of
their respective replicates with the lowest sequence count (unattached community = 17781 sequences,
brown biofilm community = 12641 sequences, white biofilm community = 33218 sequences). Rarefaction
curves generated from each replicate showed that this procedure produced sequencing depths that
adequately captured the diversity of the communities (Figs. 2-2, 2-3). Taxonomic identifications of OTUs
were assigned using the SILVA v132 database. Program EstimateS v9.1.0 was used to calculate Shannon
diversity index and evenness values based on OTU abundances (Colwell 2013), and program R v3.6.2
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was to summarize community composition results at higher taxonomic levels (R Development Core Team
2008).

Physicochemical and hydrological measurements
Physicochemical and hydrological measurements were used explain patterns in Sulphur Springs
Cave unattached bacterial community structure. Water samples for analyses of total-P and ammonium-N
concentrations were collected from the Sulphur Springs Cave water column on dates corresponding to the
microbial community time series. These samples were collected ~125 m linear penetration into the cave
in triplicate acid-washed glass jars pre-filled with nanopure water. The jars were purged with helium gas
to facilitate underwater sample collection. Samples were kept on ice in the dark during transport to the
lab, where they were immediately analyzed using a DR 3900 spectrophotometer (Hach, Loveland, CO,
USA). Analytical precision was ±0.7 µM-P for the total-P test (HACH method 8190, acid persulfate
digestion), and ±1.3 µM-N for the ammonium-N test (HACH method 10205, salicylate reaction).
Ammonium-N concentration was not measured on biological sampling date 28 Nov 2017. Specific
conductance was measured in situ using a Hydrolab DS5X multiprobe (OTT HydroMet, Loveland, CO,
USA), calibrated with a 10,000 µS cm-1 KCl standard solution and bracketed by a 200 µS cm-1 KCl
standard solution (RICCA Chemical Co., Arlington, TX, USA).
To characterize the saltwater vent habitat colonized by the white biofilm described above, water
samples for general nutrient analysis were collected from inside the saltwater vent and from the Sulphur
Springs Cave water column just upstream of the vent. These samples were collected on 14 Nov 2018.
Water samples for sulfide (precision ±0.5 µM-S, HACH method 8131, N,N-dimethyl-pphenylenediamine sulfate reaction), sulfate (precision ±104 µM-S, HACH method 8051, barium
reaction), ammonium-N (precision ±1.3 µM-N, Hach method 10205, salicylate reaction), nitrite-N
(precision ±0.22 µM-N, HACH method 10207, aromatic amine reaction), nitrate-N (precision ±3.8 µMN, HACH method 10206, 2,6-dimethylphenol reaction), and total-P (precision ±0.7 µM-P, HACH
method 8190, acid persulfate digestion) analyses were collected in triplicate from both locations in acid61

washed plastic syringes that were pre-filled with nanopure water. Specific conductance was measured as
described above.
Measurements of water levels throughout the Sulphur Springs area were used to complement
biological and physicochemical samples collected from Sulphur Springs Cave. Daily mean Sulphur
Springs Pool levels were recorded and published online by the U.S. Geological Survey
(waterdata.usgs.gov; station number 02306000). Daily mean water levels in the three wells (ROMP 66
surficial aquifer, ROMP 66 artesian aquifer, and 115th Street artesian aquifer; Fig. 2-1) and one sinkhole
(Blue Sink; Fig. 2-1) used in this study were recorded and published online by the Southwest Florida
Water Management District (watermatters.org; district site ID numbers 19238, 18670, 670753, and
670721, respectively). Lithologies of these wells were published by the Southwest Florida Water
Management District (watermatters.org; SWFWMD 2009).

Statistical analysis and explanation of linear model variables
Relationships between the Sulphur Springs Cave biofilm and unattached bacterial communities
were analyzed using program PRIMER v7/Permanova+ (Clarke and Gorley 2015). To compare the
overall structures of the biofilm (n = 11 dates) and unattached (n = 11 dates) communities, a single
resemblance matrix was generated using proportionate relative abundance data from each sample. This
approach accounted for differences in sequencing depth between the community types. This matrix was
analyzed using ANOSIM, PERMDISP, and PERMANOVA permutational tests (see Anderson and Walsh
(2013) for discussion about these tests). Results of these tests were visualized through non-metric
multidimensional scaling in PRIMER. To compare patterns in the structural dynamics of the two
communities throughout the study period, two separate resemblance matrices were generated (one for
each community type using raw relative abundance data), and a two-way RELATE test was performed
(i.e., PRIMER’s version of a Mantel matrix correlation test). This test grouped replicates in each matrix
by date (n = 3 field replicates per date) before calculating Spearman correlation coefficients. All
resemblance matrices were generated using Bray-Curtis (dis)similarity.
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Multivariate linear regression models were developed to determine how well the relative
abundances of major taxa in the unattached bacterial community were explained by environmental
changes. Program R v3.6.2 was used to generate these models. Triplicates of unattached
Enterobacteriales, Betaproteobacteriales, and Campylobacterales proportionate relative abundance data
were averaged for each date (n = 11) and used as regressors for three respective models. Predictors for the
Enterobacteriales and Betaproteobacteriales models included water level difference between the ROMP
66 Wells, water level difference between Blue Sink and the 115th Street Well, and water level in the
Sulphur Springs Pool. Predictors for the Campylobacterales model were total-P concentration,
ammonium-N concentration, and specific conductance measured in Sulphur Springs Cave.
Hydrological predictor variables used in the Enterobacteriales and Betaproteobacteriales models
described the potential for groundwater to travel through the confining unit separating the surficial and
artesian aquifers in the Sulphur Springs area. The difference between water levels in the ROMP 66
surficial aquifer and the ROMP 66 artesian aquifer wells was used to determine the direction of potential
confining unit leakage for the general study area (Fig. 2-1). The difference between water levels in Blue
Sink and the 115th Street artesian aquifer well (located on the bank of Blue Sink; Fig. 2-1) was used to
determine whether Blue Sink was injecting surficial aquifer water and/or surface water into the
underlying artesian aquifer, or if injection from Blue Sink would be hydraulically dammed by high
artesian aquifer head. This measurement was also assumed to be a proxy of whether the same conditions
were occurring in other area sinkholes that receive urban stormwater runoff (i.e., Jasmine Sink and Orchid
Sink; Fig. 2-1). Positive values measured at either site indicated the potential for surficial aquifer water
and/or surface water to flow into the artesian aquifer. Water levels in Sulphur Springs Pool drop rapidly
when spring water is being extracted and pumped to the Hillsborough River (Scharping et al. 2018), so
Sulphur Springs Pool levels were used as a measure of pumping activity and of artesian aquifer
potentiometric surface levels in the immediate area. Lower Sulphur Springs Pool levels indicated the
increased potential for groundwater in the surficial aquifer water to leak into the underlying artesian
aquifer, and ultimately into Sulphur Springs Cave.
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Figure 2-4. Relative abundances of orders in the Sulphur Springs Cave unattached bacterial community.
Results
Overview of the unattached and biofilm communities
The Sulphur Springs Cave unattached bacterial community was dominated by 3 orders,
Enterobacteriales, Betaproteobacteriales, and Campylobacterales (Fig. 2-4). These orders collectively
accounted for 76-94% of the unattached community during study period, with a mean combined relative
abundance of 87 ± 5% for the entire period (n = 11 dates). While Betaproteobacteriales and
Campylobacterales remained consistently abundant in the Sulphur Springs Cave water column,
Enterobacteriales relative abundance varied widely among sampling dates (Fig. 2-4).
Betaproteobacteriales and Campylobacterales respectively exhibited mean relative abundances of 39 ±
10% and 33 ± 8%, and ranges of 24-51% and 14-43% during the study period (n = 11). The mean
Enterobacteriales relative abundance during the study period was 15 ± 16%, with a range of 0.01-50% (n
= 11). Changes in the relative abundances of these orders did not follow a clear seasonal pattern (Fig. 24).
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The 3 orders of bacteria that comprised the majority of the unattached community were
themselves represented by only a few taxa (Fig. 2-5). On average, unidentified Enterobacteriaceae made
up 92 ± 17% of the unattached Enterobacteriales, with a range of 50-100% (n = 11). The other taxon that
contributed to Enterobacteriales relative abundance was the genus Escherichia, which made up on
average 8 ± 17% of the Enterobacteriales, and ranged from 0-50% (n = 11). The unattached
Betaproteobacteriales were represented primarily by unclassified members of that order, which accounted
for 77 ± 19% (range 43-95%) of the total Betaproteobacteriales abundance (n = 11). Of the 3 dominant
unattached orders, Campylobacterales was the least diverse, with the genus Sulfurimonas making up 96 ±
1% (range 94-98%) of Campylobacterales abundance. Overall, the unattached bacterial community was
represented by 299 ± 78 OTUs, and exhibited a Shannon diversity index value of 2.69 ± 0.40 and an
evenness value of 0.48 ± 0.05 (n = 11; Table 2-1).
The brown biofilm community sampled on the same dates as the unattached bacterial community
was more diverse and evenly represented than the unattached community (Fig. 2-6, Table 2-1). The
brown biofilm was represented by 636 ± 145 OTUs, and exhibited a Shannon diversity index value of
5.14 ± 0.39 and an evenness value of 0.80 ± 0.06 (n = 11 dates; Table 2-1). A comparison of the tree-map
plots representing the structure of each community type illustrates the higher evenness values of the
brown biofilm community compared to that of the unattached community (Figs. 2-5, 2-6). The higher
diversity and evenness of the brown biofilm made this community more difficult to broadly characterize
than the unattached community (Table 2-1), but the main taxonomic groups that represented the brown
biofilm were the order Methylomirabilales (average relative abundance 16 ± 6%, range 4-24%, n = 11),
the phylum Planctomycetes (14 ± 3%, 9-19%, n = 11), the class Anaerolineae (9 ± 4%, 2-18%, n = 11),
and unclassified Bacteria (13 ± 3%, 8-19%, n = 11). The orders that dominated the unattached community
contributed to only a small proportion of the brown biofilm community (Enterobacteriales, 3 ± 10%, 033%; Betaproteobacteriales, 5 ± 2%, 2-8%; Campylobacterales, 3 ± 4%, 0-11%; n = 11).
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Unattached Bacteria (13 Feb 2017)
Enterobacteriales

Unattached Bacteria (12 April 2018)
Betaproteobacteriales

Betaproteobacteriales

Proteobacteria
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Enterobacteriaceae
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Enhydrobacter
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Betaproteobacteriales

Sulfurimonas

Figure 2-5. Tree map plots summarizing Sulphur Springs Cave unattached bacterial community structure
on two dates.

Table 2-1. Diversity metrics of the Sulphur Springs Cave bacterial communities.
Community
Unattached

n
11

No. OTUs
Grand Mean
299 ± 78

Shannon Div.
Grand Mean
2.69 ± 0.40

Evenness
Grand Mean
0.48 ± 0.05

Brown Biofilm

11

636 ± 145

5.14 ± 0.39

0.80 ± 0.06

White Biofilm

1

333

4.23

0.73
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Brown Bioﬁlm (12 April 2018)
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Figure 2-6. Tree map plots summarizing the community structures of Sulphur Springs Cave brown and
white biofilms.

Table 2-2. Physicochemistry of the sampled Sulphur Springs Cave saltwater vent.

Site
Cave conduit
Saltwater vent

Specific
Conductance
(µS cm-1)
4700
12400

Sulfide
(µM-S)
<0.2*
24 ± 0.6

Sulfate
(µM-S)
3500 ± 170
7100 ± 82
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Ammon.-N
(µM-N)
<1*
19 ± 0.2

Nitrite-N
(µM-N)
3.0 ± 0.0
<1*

Nitrate-N
(µM-N)
21 ± 0.2
<16*

Total P
(µM-P)
5.8 ± 0.3
5.8 ± 0.1

White biofilm growing at a fracture-fed saltwater vent was collected on a single date within the
study period, and was not analyzed according to the unattached bacteria/brown biofilm time series. The
white biofilm was represented by 333 OTUs, and exhibited a Shannon diversity index value of 4.23 and
an evenness value of 0.73 (Fig. 2-6, Table 2-1). The identifiable orders with the largest relative
abundances in this community were Thiotrichales (13% of the community) and Campylobacterales (also
13% of the community). White biofilm Thiotrichales was entirely represented by the sulfur-oxidizing
genus Thiothrix, and 96% of the white biofilm Campylobacterales was accounted for by the sulfuroxidizing genera Sulfurovum and Sulfurimonas, as well as by unidentified members of the family
Sulfurovaceae. Another major component of the white biofilm community was a group of unidentified
Gammaproteobacteria, which accounted for 16% of the community. The saltwater vent habitat exhibited a
density stratified redox gradient, with high concentrations of sulfide and ammonium issuing from the vent
compared to ambient concentrations of those nutrients collected upstream (Table 2-2). This environment,
where reducing vent water interacted with oxidizing conduit water (Table 2-2), was an ideal habitat for
the sulfur-oxidizing taxa which best characterized the white biofilm.
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Figure 2-7. Correlations between the relative abundances of major orders in the unattached bacterial
community and those orders in the brown biofilm. If the relative abundances of these orders in the two
communities were related, this analysis would have produced statistically significant R2 values.
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Influence of the biofilm on the adjacent unattached community
The dominant members of the unattached community generally did not reflect those of the
biofilm communities (e.g., Figs. 2-5, 2-6). Enterobacteriales were usually absent from the brown biofilm,
and this order was entirely absent from the white biofilm community (Fig. 2-6). There was no correlation
between Enterobacteriales relative abundances in the brown biofilm and in the unattached community
(Fig. 2-7). Both biofilm communities contained Betaproteobacteriales (Fig. 2-6), but there was no
correlation between the relative abundance of this order in the brown biofilm and in the unattached
community (Fig. 2-7). Similarly, the relative abundances of Campylobacterales in the brown biofilm and
unattached communities did not correlate (Fig. 2-7). However, Campylobacterales did make up a major
component of the white biofilm (Fig. 2-6), and the unattached Campylobacterales (represented almost
entirely by Sulfurimonas) were likely sourced from the sulfidic saltwater vent habitats (Table 2-2).
While the sources of Enterobacteriales and Betaproteobacteriales in the unattached community
are less apparent than that of Campylobacterales, it is clear that these orders were not supplied to the
Sulphur Springs Cave water column by the brown biofilm community (Fig. 2-7). Indeed, the overall
structures of the brown biofilm and unattached communities were significantly different from each other
at both the order and genus level (Fig. 2-8, Table 2-3). Comparisons of the Bray-Curtis resemblance
matrices generated separately for the two communities showed that patterns of change in the brown
biofilm community structure did not correlate to patterns of change in the unattached community (Fig. 29, Table 2-4).
Tax level: Order

Tax level: Genus

Resemblance: S17 Bray-Curtis similarity
2D Stress: 0.01

11% similarity
between groups

15% similarity
between groups
Bioﬁlm
70% similarity
within group

Resemblance: S17 Bray-Curtis similarity
2D Stress: 0.01

Bioﬁlm
66% similarity
within group

Water Column
74% similarity
within group

Water Column
68% similarity
within group

Figure 2-8. Non-metric multidimensional scaling plots summarizing differences between the overall
community structures of the unattached and biofilm communities in Sulphur Springs Cave.
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Table 2-3. Results of permutational tests comparing unattached and biofilm community structures.
Taxonomic Level
Order
Order
Order
Order
Genus
Genus
Genus
Genus

Test Statistic
F (1, 20) = 0.443
R = 1.00
F (1, 20) = 81.7
t (20) = 9.04
F (1, 20) = 0.086
R = 1.00
F (1, 20) = 64.2
t (20) = 8.01

844

Tax level: Order
ρ (rho) = -0.045
p = 0.624

Sig. Level
p = 0.545
p < 0.001
p < 0.001
p < 0.001
p = 0.793
p < 0.001
p < 0.001
p < 0.001

No. Perms.
9999
9999
9999
9999
9999
9999
9999
9999

Tax level: Genus
ρ (rho) = -0.091
p = 0.697

Frequency

Frequency

849

Test
PERMDISP
ANOSIM
PERMANOVA (main)
PERMANOVA (pairwise)
PERMDISP
ANOSIM
PERMANOVA (main)
PERMANOVA (pairwise)

0
-0.8

-0.6

-0.4

-0.2
0
0.2
Average Rho

0.4

0.6

0
-0.8

0.8

-0.6
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-0.2
0
0.2
Average Rho

0.4
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Figure 2-9. Histograms representing the results of two-way RELATE tests. These tests showed that the
community dynamics of the unattached bacteria and brown biofilm were not correlated with each other at
either the order or genus level. Vertical dashed bars indicate matrix correlation coefficients (Spearman’s
rho) estimated by the tests. Vertical solid bars represent the frequency with which a permutational
analysis estimated a particular correlation coefficient after randomizing sample labels.

Table 2-4. Results of two-way RELATE tests comparing patterns in unattached and biofilm community
structures.
Taxonomic Level
Order
Genus

Spearman Correlation
Average Rho = -0.045
Average Rho = -0.091
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Significance Level
p = 0.624
p = 0.697

No. Permutations
9999
9999

Analysis of hydrological predictors used in linear regression models
Groundwater and surface water levels measured throughout the Sulphur Springs area were used
in linear regression models to explain unattached Enterobacteriales and Betaproteobacteriales relative
abundances. The two wells at the ROMP 66 station (Fig. 2-1) were respectively screened in the surficial
aquifer and the underlying artesian aquifer (Fig. 2-10a). Blue Sink (Figs. 2-1, 2-10b) breached an
underlying confining unit and thus connected the artesian aquifer to the surficial aquifer and to urban
runoff entering the sinkhole (Fig. 2-10a). On the bank of Blue Sink, the 115th Street Well was screened in
the confined artesian aquifer (Figs. 2-1, 2-10a). During the study period, Sulphur Springs Pool water
levels dropped rapidly in response to spring water extraction activity (Fig. 2-11).
The potential for confining unit leakage was determined through comparisons of water levels in
the Sulphur Springs area. These measurements, along with Sulphur Springs Pool levels, were included in
linear regression models to explain the relative abundances of unattached Enterobacteriales and
Betaproteobacteriales. Potential leakage between the surficial and artesian aquifers was measured as the
difference between water levels in the two ROMP 66 wells (Figs. 2-10, 2-11, 2-12). There were two dates
in the biological time series that corresponded to days when the surficial aquifer water table was
apparently below the ROMP 66 surficial aquifer well (18 April 2017 and 08 May 2017; Fig. 2-11), so
these dates were no included in the models. The potential for Blue Sink to inject surficial aquifer and/or
surface water into the underlying artesian aquifer was measured as the difference between water levels in
Blue Sink and the 115th Street Well (Figs. 2-10, 2-11, 2-12). No measurement of Blue Sink water level
was recorded on biological sampling date 22 June 2017, so the Blue Sink/115th Street Well head
difference measured on the nearest date was used instead (15 June 2017; Figs. 2-11, 2-12). Positive values
for these measurements at either site indicated the potential for downward water movement into the
artesian aquifer (Fig. 2-12).
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A.

ROMP 66 Wells
Surﬁcial Aq.
UFA

115th St.
Well

Upper Floridan Aquifer Conﬁning Unit

Surﬁcial Aquifer

Surface:
+11.4 m
Blue Sink

Surface:
+10.0 m

+8 m

+8 m

+4 m

+4 m

Sea
Level

Sea
Level

-4 m

-4 m

-76.2 m

B.

Figure 2-10. Sites used to develop hydrological predictor variables for linear regression models. A)
Lithologies of the ROMP 66 Wells, Blue Sink, and the 115th Street Well. Diagonal hash marks in the well
illustrations represent screened intervals of the wells. Non-hashed portions of the well illustrations
represent non-permeable casing material. Water levels shown (inverted triangles) are mean levels from
Feb 2017-July 2018 for each site. B) Part of Blue Sink, looking southwest. The water surface partly
covered by floating aquatic vegetation. The 115th Street Well is located on the bank directly behind where
the photographer was standing.
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Figure 2-11. Water levels measured at different sites used to develop hydrological predictor variables for
linear regression models. Measurements are mean daily water elevations (NAVD 88). Biological
sampling dates are shown with gray vertical bars.
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Figure 2-12. Water level differences measured at the ROMP 66 Well station (surficial aquifer levels
minus artesian aquifer levels) and at Blue Sink (Blue Sink levels minus 115th Street Well levels).
Biological sampling dates are shown with gray vertical bars. These values were used as hydrological
predictor variables for linear regression models.
Linear regression model results
The relative abundances of unattached Enterobacteriales and Betaproteobacteriales were best
explained by Sulphur Springs Pool level and measurements of potential confining unit leakage (Table 25). Enterobacteriales relative abundance was inversely related to Sulphur Springs Pool level, and directly
74

related to leakage potential measured at both sites (Table 2-5a), producing a strong model (adjusted R2 =
0.89, p = 0.002, n = 9; Table 2-5b). All predictors in this model had individual significant relationships
with the regressor, and “ROMP 66 Wells head difference” was the strongest predictor (Table 2-5a). The
relationship between Betaproteobacteriales relative abundance and the hydrological predictors was
weaker, but still significant (adjusted R2 = 0.63, p = 0.049, n = 9; Table 2-5b). Betaproteobacteriales
relative abundance responded directly to Sulphur Springs Pool level, and inversely to leakage potential
measured at both sites (Table 2-5a). The strongest predictor in this model was “Blue Sink/115th Street
Well head difference,” and this was also the only predictor that exhibited an individual significant
relationship with Betaproteobacteriales relative abundance (Table 2-5a). Overall, the relative abundances
of Enterobacteriales and Betaproteobacteriales responded in opposite ways to the same set of hydraulic
conditions (Table 2-5a).
Unattached Campylobacterales relative abundance was best explained by Sulphur Springs Cave
specific conductance, ammonium-N concentration, and total-P concentration (adjusted R2 = 0.70, p =
0.016, n = 10; Table 2-5b). Ammonium-N concentrations and specific conductance levels were high in
the sampled Sulphur Springs Cave saltwater vent relative to the main conduit (Table 2-2), and these
predictors varied directly with Campylobacterales relative abundance (Table 2-5a). The coefficient for
specific conductance was much smaller than that of ammonium-N concentration, but both had individual
significant relationships with the regressor (Table 2-5a). Total-P concentrations were not significantly
different between the saltwater vent and the main conduit (t (2) = 4.2, p = 0.90; Table 2-2), and this
predictor was inversely related to Campylobacterales relative abundance (Table 2-5a). Single-variable
correlations showed that total-P concentrations were directly related to Enterobacteriales relative
abundance, and inversely related to Betaproteobacteriales relative abundance (Table 2-5c). These latter
relationships were weaker than what was observed in the hydrology-based models, but were significant
(Table 2-5c).

75

Table 2-5. Linear regression model and single-variable correlation results.
A. Model components
Regressor
(proportion
relative abundance)
Enterobacteriales
Enterobacteriales
Enterobacteriales
Betaproteobacteriales
Betaproteobacteriales
Betaproteobacteriales
Campylobacterales
Campylobacterales
Campylobacterales
B. Whole models
Regressor (proportion
relative abundance)
Enterobacteriales
Betaproteobacteriales
Campylobacterales

Predictor
Sulphur Springs Pool level
Blue Sink/115th St. Well head diff
ROMP 66 Wells head diff
Sulphur Springs Pool level
Blue Sink/115th St. Well head diff
ROMP 66 Wells head diff
Phosphorus concentration
Ammonium-N concentration
Specific conductance

Adjusted
R2
0.89
0.63
0.70

p value
0.002
0.049
0.016

F
22.5
5.50
8.04

Coeff.
Std.
t
p
Sign Coeff.
Error value value
-0.48
0.08
-6.27 0.002
+
0.57
0.10
5.72 0.002
+
0.87
0.30
2.93 0.032
+
0.18
0.08
2.31 0.069
-0.30
0.10
-3.01 0.030
-0.22
0.30
-0.75 0.488
-0.06
0.01
-4.91 0.003
+
0.04
0.01
3.66 0.011
+
0.0001 0.00005 2.60 0.041

df
3, 5
3, 5
3, 6

C. Phosphorus correlations
Regressor (proportion
Coefficient
relative abundance)
R2
Sign
Coefficient
Enterobacteriales
0.48
+
0.06
Betaproteobacteriales
0.47
-0.04

n
9
9
10

Std. Error
0.02
0.01

t value
2.89
-2.81

p value
0.018
0.020

n
11
11

Discussion
This study of the Sulphur Springs Cave microbial communities had two goals. The first was to
address knowledge gaps in the relationship between autochthonous aquifer biofilms and presumably
allochthonous microbial indicator taxa collected from groundwater (Page et al. 2017, Epting et al. 2018).
The second goal was to use microbial indicators to trace sources of urban contaminants and groundwater
in an anthropogenically impacted karst spring and cave ecosystem.

The validity of the microbial indicator concept in groundwater
The hypothesis guiding the first goal of this study was that autochthonous aquifer biofilms would
influence the community structure dynamics of unattached bacterial communities collected from
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groundwater. If this were true, current interpretations of the presence of indicator microbes in
groundwater wells and springs would be called into question. The results of the present investigation did
not support this hypothesis. The Sulphur Springs Cave brown biofilm and the adjacent unattached
bacterial community were significantly distinct from each other (Fig. 2-8), and patterns of change in the
structures of these two communities were not related (Figs. 2-7, 2-9). These results suggest that presumed
indicator microbes collected from groundwater are most likely truly allochthonous, with relevant
autochthonous aquifer biofilms having little effect on the presence of these indicators.
The emergent properties exhibited by microbial biofilms may explain why the Sulphur Springs
Cave unattached community was not simply comprised of microbes sloughed from the abundant brown
biofilm. Biofilms represent a higher level of organization than what is possible for free-living cells
(Flemming and Wuertz 2019), and are specially adapted to endure to environmental disturbances (Battin
et al. 2016). For example, in aquatic environments with elevated flow velocities, biofilms respond to
shear stress by forming anchored streamers that oscillate to dissipate turbulence (Taherzadeh et al. 2012).
Additionally, cells living together in biofilms behave synergistically to prevent erosion (Besemer et al.
2007). Even though groundwater moves through Sulphur Springs Cave at relatively high velocities, the
physical attributes unique to biofilms probably allow the brown biofilm living in this cave to maintain a
steady-state form.

Tracing urban contaminant sources with Enterobacteriales relative abundance in Sulphur Springs Cave
The relative abundance of Enterobacteriales, an order that includes Escherichia coli and other
coliform bacteria of the family Enterobacteriaceae, in Sulphur Springs Cave was best explained by
hydrological variables that indicated increased surficial aquifer inputs into the artesian aquifer (Table 25). The strongest predictor in the Enterobacteriales model was “ROMP 66 Wells head difference” (Table
2-5a). While several studies have blamed sinkholes as the source of coliform bacteria contamination in
Sulphur Springs (Stewart and Mills 1984, Wallace 1993), the results of this model indicate that leakage
from the surficial aquifer into the artesian aquifer was a more likely source of contamination. Under
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certain hydraulic conditions, sewage system leaks in the Sulphur Springs area could directly enter the
artesian aquifer, and thus introduce Enterobacteriales into Sulphur Springs Cave (Fig. 2-13).
Sewer lines and septic tank systems in Tampa are buried in surficial sands above the clay
confining unit, and major sewer line junctions are installed well below the surficial aquifer water table
overlying Sulphur Springs Cave (Stewart and Mills 1984). The top of the artesian aquifer lies only 3-4 m
below these junctions. The artesian aquifer in this area is highly fractured and karstified (Menke et al.
1961, Stewart and Mills 1984), which probably generates many breaches in the overlying confining unit
besides those that have manifested as sinkholes. Sewer line leakage in the U.S. is very common (Sharp
2010), and any time surficial aquifer water table levels in the Sulphur Springs area are higher than the
artesian potentiometric surface, leaked sewage could directly infiltrate the artesian aquifer. Conditions
where sewage would leak into the artesian aquifer were exacerbated by artificially lowered Sulphur
Springs Pool levels (Table 2-5a), which induce potentiometric surface level drops up to ~3 km away
(MWH 2009).

Tracing water sources with three microbial indicator taxa in Sulphur Springs Cave
While the Enterobacteriales relative abundance model developed in this study was useful in
tracing sources of urban contamination to Sulphur Springs, this model and those of Betaproteobacteriales
and Campylobacterales relative abundances were also useful in determining sources of groundwater
entering Sulphur Springs Cave (Fig. 2-13). The relative abundances of Enterobacteriales and
Betaproteobacteriales responded in opposite ways to the same hydrological predictor variables (Table 25). It is clear that Enterobacteriales relative abundance was related to inputs from the local surficial
aquifer and nearby sinkholes. Members of the order Betaproteobacteriales are typically the numerically
dominant taxa in freshwater environments (Newton et al. 2011), and based on the model developed here,
it is likely that the relative abundance of this order in Sulphur Springs Cave corresponded to increased
relative inputs from the surrounding freshwater artesian aquifer (Fig. 2-13). Furthermore, the relative
abundance of Campylobacterales in Sulphur Springs Cave was likely related to increased relative inputs
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from the sulfidic saltwater vents located throughout the cave (Fig. 2-13, Table 2-5). This order was
overwhelmingly represented by Sulfurimonas, a well-characterized genus of sulfur-oxidizing
chemolithoautotrophs (Inagaki et al. 2003). Campylobacterales and other functionally similar taxa, such
as Thiothrix (Trubitsyn et al. 2015), were also a major component of the white biofilm collected from a
saltwater vent in the cave (Fig. 2-6, Table 2-2).
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The results of these models were corroborated by correlations between the relative abundances of
these orders and phosphorus concentrations (Table 2-5). Phosphorus is a major groundwater contaminant
associated with urban land use (Huang et al. 2020). Phosphorus concentrations were directly related to
unattached Enterobacteriales relative abundance, and inversely related to the relative abundances of
unattached Betaproteobacteriales and Campylobacterales (Table 2-5). It is likely that phosphorus
contamination and the unattached Enterobacteriales share the same anthropogenic sources.

Conclusions
This study addressed knowledge gaps in the concepts behind the use of microbial indicators in
groundwater, and applied the microbial indicator tool to inform management strategies at a karst spring of
conservation concern. A time series analysis of a karst aquifer biofilm community and the adjacent
unattached bacterial community suggested that autochthonous biofilms do not influence the presence of
microbial taxa that are presumed to be allochthonous indicators of groundwater contamination. That said,
interpretation of the relative abundance of specific indicator taxa was aided by the concurrent analysis of
the entire unattached bacterial community. Using this approach, linear regression models were developed
to explain the relative abundance patterns of different indicator taxa at this site. These models led to new
understanding about the sporadic presence of coliform bacteria in the spring.
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CHAPTER THREE
CARBON CYCLE IMPACTS OF USING EXTRACTED GROUNDWATER
TO SUPPLEMENT ESTUARY DISCHARGE

Introduction
Estuaries, aquifers, and humans as part of the land-ocean aquatic continuum
Estuaries are a core component of the land-ocean aquatic continuum because they modify and
regulate the fluxes of organic carbon as it is delivered from watersheds and aquifers to coasts (Bauer et al.
2013, Regnier et al. 2013, Najjar et al. 2018, Signorini et al. 2019). Determining what natural and
anthropogenic processes impact the dynamics of estuarine organic carbon flux is a critical step toward
understanding how terrestrial and marine ecosystems are connected. Most estuarine ecosystems exhibit
net heterotrophic metabolisms that are strongly regulated by riverine organic matter loads (Sobczak et al.
2005, Bauer et al. 2013, Shen et al. 2019). Variations in riverine organic carbon delivery also influence
estuarine food webs (Hoffman et al. 2008), in part because dissolved organic carbon inputs to estuaries
can be transferred to higher trophic levels through the microbial loop (Degerman et al. 2018).
In addition to estuaries, aquifers play an important role in the land-ocean aquatic continuum.
Coastal groundwater discharge includes all components of groundwater seeps and springs along coasts,
including groundwater discharge into estuaries, bays, and marine environments. Along the Atlantic and
Gulf of Mexico coasts of the contiguous United States, coastal groundwater discharge represents ~13% of
river discharge, and in some regions up to 20-50% (Befus et al. 2017). Groundwater-borne organic carbon
might play a substantial role in coastal ocean carbon budgets, but the contributions of organic carbon
discharge from aquifers into estuaries and other coastal aquatic ecosystems are poorly quantified (Najjar
et al. 2018).
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Human activities have altered both estuarine and aquifer components of the land-ocean aquatic
continuum, which creates difficulties in estimating coastal carbon fluxes (Cloern and Jassby 2008, Bauer
et al. 2013, Regnier et al. 2013). Anthropogenic activity has reduced carbon delivery to estuaries by up to
50% over the past century (McLeod et al. 2011, Regnier et al. 2013), partly due to the construction of
dams which interrupt riverine discharge to estuaries. The lack of information about how anthropogenic
land use changes impact the supply of organic carbon to estuaries remains a notable knowledge gap in
understanding energy exchange between estuaries and the ocean (Shen et al. 2019). Anthropogenic
impacts to estuarine organic carbon supply must be fully understood in order for scientists and resource
managers to constrain greenhouse gas fluxes from these net-heterotrophic ecosystems, and to establish
science-based restoration strategies for deteriorating estuary ecosystems (Regnier et al. 2013).

Anthropogenic impacts on Sulphur Springs and the Hillsborough River Estuary
The coastal aquifer of west-central Florida discharges freshwater and brackish groundwater into
the Gulf of Mexico via many artesian springs. Some of these springs discharge water directly to the gulf
as submarine springs, whereas others form the headwaters of large surface streams that eventually
terminate in the gulf. One such stream is the Hillsborough River, a tributary of Tampa Bay and the Gulf
of Mexico (Fig. 3-1). The dry season baseflow of the Hillsborough River primarily comes from springs,
but the river also drains a ~1,750 km2 watershed, which includes part of the Green Swamp (SWFWMD
2015). A dam located ~16 km upstream of the river mouth limits the tidal influence of Tampa Bay on the
river, and delineates the beginning of the Hillsborough River Estuary (Fig. 3-1a).
The major spring that contributes water directly to the Hillsborough River Estuary is Sulphur
Springs (Fig. 3-1b), a submerged artesian cave-spring system that perennially discharges large quantities
of groundwater (~1.0 m3 s-1). This discharging water usually comes entirely from subterranean sources,
but after large rainfall events, runoff into upgradient sinkholes contributes some water to Sulphur Springs
discharge (Wallace 1993, Scharping et al. 2018). The karst aquifer surrounding Sulphur Springs Cave
contains fresh water, but fractures in the cave floor provide pathways for deep-sourced saline, sulfidic
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water to enter the cave (Scharping et al. 2018; and see Chapter Two). The salinity of Sulphur Springs
water has increased from being fresh to ~5,000 µS cm-1 between 1946-2017 as a result of localized
seawater intrusion (Scharping et al. 2018). This has established a subterranean estuary in Sulphur Springs
Cave.
In an effort to preserve oligohaline habitat (salinity <5) in the upper Hillsborough River Estuary,
local water management agencies adopted a strategy to maintain minimum freshwater discharge rates
below the Hillsborough River Dam (SWFWMD 2015). When the use of reservoir releases is inadequate
to meet minimum discharge rates, such as during late dry season periods, groundwater discharging from
Sulphur Springs is diverted upstream to the estuary head just below the dam (Fig. 3-1c). This strategy was
initiated in 2002, and has been effective in preventing the incursion of the tidal saltwater wedge to the
dam (SWFWMD 2015). However, the implementation of this strategy has intensified spring water
extraction from Sulphur Springs, which has accelerated the rate of seawater intrusion occurring in the
underlying cave (Scharping et al. 2018).
Local water management agencies have monitored several water quality parameters in the
Hillsborough River Estuary to study the impact of groundwater diversions on the upper estuary
(SWFWMD 2015). These included water clarity and concentrations of nitrogen, phosphorus, and
chlorophyll a. Groundwater diversions have caused water clarity in the upper estuary to increase, while
causing concentrations of nitrogen and phosphorus to decrease. Despite increases in water clarity due to
groundwater diversions, the simultaneous reduction of inorganic nutrient concentrations in the upper
estuary consequently reduced concentrations of chlorophyll a, a proxy for phytoplankton production
(SWFWMD 2015).
In the current study, long-term datasets were analyzed to determine how the use of groundwater
to supplement river discharge impacts organic carbon delivery to the Hillsborough River Estuary.
Additionally, carbon stable isotope analysis was used to show how groundwater extraction activity related
to this strategy has impacted carbon cycling in Sulphur Springs Cave. Both of these questions have so far
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been overlooked by local agencies (SWFWMD 2015), and addressing them will shed light on how
anthropogenic processes impact organic carbon cycling along the land-ocean aquatic continuum.
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Figure 3-1. Study sites along the Hillsborough River Estuary, a tributary of Tampa Bay in west-central
Florida, USA. A) The Hillsborough River, with its estuarine zone shaded. B) Sulphur Springs, which is
fed by a submerged cave system and exhibits dye-trace connections with three water-filled sinkholes
(dark circles labeled “a”). The studied fracture-fed redox gradient and the spring mouth are labeled “b”
and “c,” respectively. C) Hillsborough River Estuary long-term sampling stations. During dry seasons,
groundwater is frequently extracted from Sulphur Springs and diverted to the estuary head below the dam.
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Methods
Determining if groundwater supplementation impacts Hillsborough River Estuary carbon fluxes
Measurements of total organic carbon (TOC) concentrations and water discharge were
downloaded from government agency databases. Concentrations of TOC in the Hillsborough River
Estuary and at Sulphur Springs were measured by the Hillsborough County Environmental Protection
Commission (EPC-HC; epchc.org) using high-temperature combustion analysis (APHA method 5310B).
Water discharge over the Hillsborough River Dam and at Sulphur Springs was measured by the U.S.
Geological Survey (USGS; waterdata.usgs.gov). The volume and rate of artificial water diversions from
Sulphur Springs and from the Hillsborough River Reservoir to the Hillsborough River Estuary were
measured by the City of Tampa and the Southwest Florida Water Management District (SWFWMD;
watermatters.org), and these values were used to correct estuary discharge measurements for pumping
activity. Statistical analyses of these data were performed using Program R v.3.6.0 (R Development Core
Team 2008).
Estuary TOC observations were grouped based on season, with wet seasons occurring from JulyOctober, and dry seasons occurring from November-May (SWFWMD 2015). June observations were not
included because June behaved as a transition month. Dry season observations were further grouped
based on the occurrence of groundwater diversions from Sulphur Springs to below the Hillsborough River
Dam (Fig. 3-1c). Samples were collected monthly from 6 stations along the Hillsborough River Estuary,
including Sulphur Springs, by the EPC-HC from April 2010-December 2018 (Fig. 3-1c). In addition,
TOC concentrations were measured monthly by the EPC-HC at the Below Dam station from January
1974-November 1985, long before groundwater diversions to this site began.
To determine the degree to which groundwater-borne TOC flux contributed to that of the
Hillsborough River Estuary, Sulphur Springs TOC flux values were divided by those measured at the
Upper Estuary station (Fig. 3-1c). Fluxes of TOC were calculated by multiplying TOC concentration (mg
m-3) by discharge (m3 s-1) measured on the same day. Upper Estuary discharge was calculated as the sum
of Hillsborough River discharge measured at the dam and Sulphur Springs discharge. These discharge
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values were corrected for groundwater extraction and diversion activity. Upper Estuary TOC flux
measurements were log10-transformed prior to analysis to improve normality of distributions.
Outliers (observations < Q1 - 1.5 * IQR and > Q3 + 1.5 * IQR) were removed prior to each
analysis. Data were heteroscedastic in all analyses, so Welch’s F-tests were used to show if differences
among groups were significant. Bonferroni-corrected pairwise t-tests were performed post hoc to
determine specifically how groups differed from each other.

Investigating the ecological impacts of groundwater extraction on Sulphur Springs Cave
To determine the impacts of pumping-induced seawater intrusion on aquifer carbon cycling,
samples of biofilm, sediment, particulate organic matter (POM; retained by a 0.2 µm filter), and TOC
were collected from Sulphur Springs Cave for carbon and nitrogen stable isotope analyses. Dissolved
inorganic carbon (DIC) samples were also collected for stable isotope analysis. White biofilm growing at
a fracture-fed sulfidic saltwater vent ~45 m linear penetration into the cave and ~23 m below the
potentiometric surface (Scharping et al. 2018; and see Chapter Two) was collected in acid-washed plastic
syringes, filtered onto 0.2-µm pore size Millipore filters (Burlington, MA, USA), and dried in a vacuum
centrifuge (29 March 2018, n = 3 field replicates). Sediment near the white biofilm was collected in acidwashed microcentrifuge tubes and dried in a vacuum centrifuge (29 March 2018, n = 3 field replicates).
Limestone (the physical growth substrate of the white biofilm) samples were collected to account for a
potential source of inorganic carbon available to the white biofilm (29 March 2018, n = 3 field replicates).
Limestone samples were dried for 3 days at 60 °C. The Sulphur Springs Cave brown biofilm (Scharping
et al. 2018; and see Chapter Two), which colonizes almost every solid surface of the cave except for areas
near the saltwater vents, was also sampled for stable isotope analysis. Using acid-washed plastic jars prefilled with nanopure water, brown biofilm samples were collected from the cave wall ~125 m linear
penetration from the spring mouth and ~28 m below potentiometric surface level (12 April 2018, n = 3
field replicates) and were processed in the same way as white biofilm samples.
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Sulphur Springs POM samples were collected on 24 August 2018 in acid-washed 1-L
polypropylene bottles and filtered onto 0.2 µm filters. The residue from 6 L of Sulphur Springs water was
combined to produce enough mass for analysis (n = 1 replicate). Triplicate water samples for stable
isotope analysis of Sulphur Springs TOC were collected on 6 dates (29 March 2018, 12 April 2018, 1
June 2018, 6 July 2018, 24 August 2018, 29 April 2019) in acid-washed glass vials, preserved with
HgCl2, and stored in the dark at 4 °C until analysis. Water samples for DIC stable isotope analysis were
collected in triplicate on 24 and 31 August 2018 and were preserved in the same way as the TOC samples.
Sediment, POM, and DIC samples were also collected from three nearby sinkholes (Fig. 3-1b) for
stable isotope analysis. These sinkholes exhibit hydraulic connections with Sulphur Springs, are filled
with organic material, and receive surface runoff from the surrounding landscape (see Chapter Two), so
sinkhole material was used to represented potential terrigenous organic carbon inputs to the Sulphur
Springs ecosystem. These samples were collected on 14 August 2018, a wet-season date. Sinkhole POM
samples were collected in acid-washed 1-L polypropylene bottles and filtered onto 0.2 µm filters (n = 3-4
field replicates for each sinkhole). Filter residue from 1-2 L of sample for each replicate was dried in a
vacuum centrifuge. Sediment samples from the sinkholes (n = 3-4 field replicates for each sinkholes)
were collected in microcentrifuge tubes and dried in a vacuum centrifuge. Water samples for DIC were
also collected from the three sinkholes (n = 3 field replicates from each sinkhole) in acid washed glass
vials, preserved with HgCl2, and stored in the dark at 4 °C until analysis.
All stable isotope data are reported in δ-notation (units of per mil, ‰), such that
δ13C or δ15N (‰) = [(Rsample / Rstandard) - 1] × 1000
with the isotopic ratios (R) of 13C/12C scaled to VPDB and the R of 15N/14N scaled to air. Analysis of
POM and sinkhole sediment samples was conducted at the University of South Florida (USF) School of
Geosciences Stable Isotope Lab using a ThermoFinnigan Delta-V IRMS connected to a Costech ECS4010 EA connected via a Conflo-III system (ThermoFisher Scientific, Waltham, MA, USA). All
measurements of δ13CDIC were also conducted at this facility using an automated sampling system
connected to a GasBench-II linked to the IRMS. Measurement uncertainties for POM and surface
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sediment (expressed as ±1 standard deviation of reference material measurements, n = 6) were ±0.15‰
for δ13C and ±0.41‰ for δ15N. Measurement uncertainty for δ13CDIC was ±0.10‰ (n = 3).
Analyses of biofilm, sediment, and limestone samples from Sulphur Springs Cave were
conducted at the USF College of Marine Science Stable Isotope Biogeochemistry Laboratory. Biofilm
samples were acidified to remove carbonate material, and were analyzed using a ThermoFinnigan
Delta+XL IRMS. Carbon and nitrogen analyses were conducted separately. Measurement uncertainties (n
= 6 for C, n = 10 for N) were ±0.75‰ for δ13C and ±0.28‰ for δ15N. Sulphur Springs limestone samples
were analyzed using a ThermoFisher MAT253 IRMS coupled to a GasBench-II peripheral in continuousflow mode. Measurement uncertainty for limestone δ13C was ±0.05‰ (n = 6).
Samples for Sulphur Springs δ13CTOC and corresponding TOC concentrations were analyzed at the
University of California Davis Stable Isotope Facility using an O.I. Analytical Model 1030 TOC
Analyzer (Xylem Analytics, College Station, TX, USA) interfaced to a PDZ Europa 20-20 IRMS (Sercon
Ltd., Cheshire, UK) using a GD-100 Gas Trap Interface (Graden Instruments, Oakville, Ontario, Canada).
Procedural blanks were run simultaneously, and indicated no contamination was present. Measurement
uncertainty for δ13CTOC was ±0.38‰ (n = 20).
To determine the relative contribution of two endmembers to a mixture of both, a two-source δ13C
mixing model was used (DelVecchia et al. 2016):
% Contribution of A to X = (δ13CX - δ13CB) / (δ13CA - δ13CB) × 100
considering two input endmembers A and B, and an output mixture X. To make inferences about
endmember δ13C values that could not be directly measured, a fractionation factor of -20‰ was used for
both terrestrial C3 plants and aquatic photosynthesizers (Rounick and Winterbourn 1986), and a
fractionation factor of -25‰ was used for sulfur-oxidizing chemolithoautotrophs (Ruby et al. 1987).
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Results
Impacts of groundwater supplementation on estuary organic carbon concentration and flux
Before Sulphur Springs water was diverted to the base of the Hillsborough River Dam, TOC
concentrations at the Below Dam station followed a clear wet-dry seasonal cycle, with TOC
concentrations being significantly higher on average during wet seasons than during dry seasons (Fig. 3-2,
Table 3-1). Groundwater diversions did not change average wet season TOC concentrations measured at
this station (Fig. 3-2, Table 3-1). The same pattern was observed for dry season dates when groundwater
diversions did not occur (Fig. 3-2, Table 3-1). However, on dry season dates when groundwater
diversions were in effect, TOC concentrations at the Below Dam station were reduced to an
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diversion strategy was in effect (years 2010-2018). Same letters indicate no significant differences
between means.
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Table 3-1. Results of Levene’s tests for homogeneity of variance and Welch’s heteroscedastic F tests.
Analysis and corresponding figure
TOC conc. at Below Dam station (Fig. 3-2)
TOC conc. at Below Dam station (Fig. 3-2)
TOC conc. along the estuary (Fig. 3-3a)
TOC conc. along the estuary (Fig. 3-3a)
TOC flux at Upper Estuary station (Fig. 3-4b)
TOC flux at Upper Estuary station (Fig. 3-4b)
Spring contrib. to estuary TOC flux (Fig. 3-4c)
Spring contrib. to estuary TOC flux (Fig. 3-4c)

Test
Levene's Test
Welch's F Test
Levene's Test
Welch's F Test
Levene's
Welch's F Test
Levene's Test
Welch's F Test

df
4, 165
4, 75.29
17, 419
17, 148.6
2, 60
2, 32.38
2, 43
2, 19.68

F-Stat p-value
11.58 <0.001
149.3 <0.001
19.25 <0.001
140.0 <0.001
7.95
<0.001
266.90 <0.001
10.52 <0.001
483.75 <0.001

The use of groundwater diversions to supplement freshwater discharge below the dam also
impacted downstream TOC concentrations. During wet seasons and dry seasons when groundwater
diversions did not occur, high-TOC estuary head water flowed seaward and mixed with low-TOC estuary
mouth water (Fig. 3-3a, Table 3-1), and groundwater-borne TOC did not significantly influence TOC
concentrations at any estuary sampling station (Fig. 3-3b, Table 3-2). Estuarine TOC concentrations
dropped significantly during groundwater diversion periods, which created a new mixing profile where
TOC concentrations were not significantly different between the estuary head and mouth (Fig. 3-3a, Table
3-1). During these periods, minimal river discharge flowed over the dam, and Sulphur Springs became the
main headwater of the Hillsborough River Estuary (Fig. 3-1c). Consequently, the TOC concentrations of
Sulphur Springs showed significant positive relationships with those of 4 out of 5 of the estuary sampling
stations (Fig. 3-3b, Table 3-2). This indicates that much of the organic carbon present between the dam
and the lower estuary during groundwater diversion periods was sourced from Sulphur Springs.
Groundwater diversions significantly reduced the organic carbon flux delivered to the
Hillsborough River Estuary, and increased the relative influence of groundwater-borne organic carbon on
estuary flux. While TOC concentrations and flux were seasonally dynamic at the Upper Estuary station
(Figs. 3-3a & 3-4a, Table 3-1), Sulphur Springs TOC concentrations vary with season (Fig. 3-3a, Table 31), and the TOC flux of this spring was relatively stable (Fig. 3-4a). Upper Estuary TOC flux was
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significantly lower during dry seasons than during wet seasons, and dry season groundwater diversions
further reduced TOC flux at this station by an order of magnitude (Fig. 3-4b, Table 3-1). Mean Upper
Estuary TOC fluxes from 2010-2018 were 36400 ± 22500 kgC day-1 (n = 24) during wet seasons, 2020 ±
1510 kgC day-1 (n = 20) during dry seasons with no groundwater diversions, and 354 ± 108 kgC day-1 (n
= 19) during dry seasons with diversions (Fig. 3-4b). The mean proportion contribution of Sulphur
Springs TOC flux to that of the Upper Estuary concurrently increased significantly from 0.3 ± 0.1% (n =
14) during wet seasons, to 7.2 ± 2.5% (n = 14) during dry seasons when groundwater diversions were not
occurring, and finally to 48.6 ± 6.8% (n = 18) during dry season groundwater diversion periods (Fig. 34c, Table 3-1).

Table 3-2. Results of linear regression models testing relationships between total organic carbon (TOC)
concentrations at Sulphur Springs and sampling stations along the Hillsborough River Estuary
(corresponding to Fig. 3-3b).

Season
Wet
Wet
Wet
Wet
Wet
Dry, No Diversions
Dry, No Diversions
Dry, No Diversions
Dry, No Diversions
Dry, No Diversions
Dry, with Diversions
Dry, with Diversions
Dry, with Diversions
Dry, with Diversions
Dry, with Diversions

Predictor
Below Dam
Upper Estuary
Middle Estuary
Lower Estuary
Estuary Mouth
Below Dam
Upper Estuary
Middle Estuary
Lower Estuary
Estuary Mouth
Below Dam
Upper Estuary
Middle Estuary
Lower Estuary
Estuary Mouth

Coeff.
-0.01
-0.02
-0.02
-0.02
-0.01
0.01
0.01
0.02
-0.01
0.06
0.27
0.33
0.25
0.28
-0.01
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Std
Error
0.03
0.03
0.03
0.02
0.02
0.01
0.01
0.02
0.02
0.07
0.03
0.09
0.10
0.13
0.10

df
1, 23
1, 23
1, 23
1, 24
1, 24
1, 28
1, 28
1, 28
1, 26
1, 23
1, 12
1, 14
1, 14
1, 14
1, 16

F
p
R2
0.03
0.858 <0.01
0.50
0.487
0.02
0.37
0.552
0.02
0.53
0.473
0.02
0.44
0.513
0.02
0.15
0.700 <0.01
0.74
0.397
0.03
1.34
0.250
0.05
0.57
0.457
0.02
0.84
0.370
0.04
69.17 <0.001 0.85
13.86 0.002
0.50
6.39
0.024
0.31
4.71
0.048
0.25
<0.01 0.952 <0.01

A

1800
1600

TOC concentration (µM)

a
ab ab

1400

ab
Wet sea
so

1200

n

bc

bcd
1000

cd

de

son, no

gh

0

Wet season
Sulphur Springs TOC (µM)

0

ns

10000

ef

f

15000

20000

fg

Dry season, with diversions

25000

30000

35000

40000

Mean speciﬁc conductance (µS cm - 1 )
260
220

180

140
00

10

Dry season, no diversions
Sulphur Springs TOC (µM)

5000

diversio

f

fg
wet (i)
Sulphur Springs: dry, no diversions (hi)
dry, with diversions (i)

200

Dry season, with diversions
Sulphur Springs TOC (µM)

Dry sea

600
400

B

cd

800

00

00

13

00

16

00

0

90

19

00

12

00

15

00

0

90

18

00

12

00

15

0

60

18

00

00

10

14

00 400

00

00

0

80

18

16

12

300

250

200

150
0
20
270

0

60

00

10

00

14

R 2 = 0.85
p < 0.001

00 200 600

18

00

10

00

14

00

18

R 2 = 0.50
p = 0.002

0

20

0

60

00

10

00 800 300 600
1

14

R 2 = 0.31
p = 0.024

00 500
1

0

90

0

0

0

0

40

30

12

60

50

R 2 = 0.25
p = 0.048

230

190

150
0

20

0

25

0

30

0

35

Below Dam
TOC (µM)

0 0
0
40 45 25

0

30

0

35

0

40

Upper Estuary
TOC (µM)

0

45

0

30

0

35

0

40

0

45

Middle Estuary
TOC (µM)

0

50

0

30

0

35

0

40

0

45

Lower Estuary
TOC (µM)

0

25

0

30

0

35

0

40

0

45

0

50

Estuary Mouth
TOC (µM)

Figure 3-3. Influence of groundwater diversions on total organic carbon (TOC) concentrations along the
Hillsborough River Estuary. A) Mean seasonal TOC concentrations measured at estuary sampling stations
(Fig. 2c). Shading represents 1 standard deviation from means. Same letters indicate no significant
differences between means. B) Linear regression models of the relationships between Sulphur Springs
TOC concentrations and the TOC concentrations of the estuary stations. Shading shows 95% confidence
intervals of regressions. The R2 and p values of statistically significant relationships are shown.
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Figure 3-4. Impact of groundwater diversions on organic carbon delivery to the Hillsborough River
Estuary. A) Total organic carbon (TOC) flux at the Upper Estuary station of the Hillsborough River
Estuary (squares) and at Sulphur Springs (circles). Periods when Sulphur Springs water was diverted to
the estuary head are shaded. B) Boxplots summarizing seasonal differences in TOC flux at the Upper
Estuary station. C) Boxplots summarizing seasonal differences in the relative contribution of Sulphur
Springs TOC flux to that of the Upper Estuary. Different letters indicate significant differences between
means.

Impacts of groundwater extraction and seawater intrusion on Sulphur Springs carbon cycling
The white microbial biofilm growing at a Sulphur Springs Cave saltwater vent exhibited a δ13C
value of -37 ± 2.6‰ (n = 3 field replicates from a single vent; Fig. 3-5c), and the δ13CDIC value of Sulphur
Springs water was -11 ± 0.1‰ (grand mean of n = 2 dates; Fig. 3-5c). Considering a δ13C fractionation
factor of -25‰ for sulfur-oxidizing chemolithoautotrophs (Ruby et al. 1987), these values indicated a
100% contribution of chemosynthesis to the organic carbon of the white biofilm. This biofilm exhibited a
δ15N value of -3.6 ± 1.4‰ (n = 3 field replicates; Fig. 3-5d).
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Sediment and POM collected from sinkholes up-gradient of Sulphur Springs represented potential
terrigenous organic carbon inputs to the cave (Fig. 3-5b). Water in the sinkholes exhibited an average
δ13CDIC of -13 ± 0.5‰ (grand mean of n = 3 sinkholes; Fig. 3-5c), so aquatic photosynthesis occurring in
this environment would have yielded a δ13C value of around -33‰. However, sinkhole organic material
exhibited an average δ13C value of -27 ± 0.4‰ (grand mean of sediment and POM samples from each
sinkhole, n = 6), which indicated a 100% contribution of terrestrial C3 plants (Fig. 5c). Sinkhole organic
material had an average δ15N value of 1.6 ± 1.6‰ (grand mean, n = 6; Fig. 3-5d).
Mean values of δ13C from chemosynthetic biofilm (-37‰) and photosynthetically-derived
terrestrial organics (-27‰) were used as endmembers to determine the relative influence of these carbon
sources on Sulphur Springs internal carbon cycling and exports (Fig. 3-5e). The Sulphur Springs Cave
brown biofilm exhibited a δ15N value of 8.0 ± 0.6‰ (n = 3 field replicates), which indicated that this
biofilm occupied a high trophic level (Fig. 3-5d). The δ13C value exhibited by the brown biofilm was -31
± 0.2‰ (n = 3 field replicates; Fig. 3-5c). If this biofilm was entirely heterotrophic, then
chemosynthetically-sourced organic matter accounted for 40% of its diet, with the remaining 60% likely
sourced from terrigenous organics (Fig. 3-5e). Sediment organic material collected from Sulphur Springs
Cave exhibited a δ13C value of -29 ± 0.2‰ (n = 3 field replicates; Fig. 3-5c). This represented a 20%
contribution of chemosynthetically-derived organic matter deposition, and an 80% contribution of
terrigenous organic matter deposition (Fig. 3-5e).
Sulphur Springs POM exports exhibited a δ13C value of -38‰ (n = 1 date; Fig. 3-5c), which
indicated a 100% contribution of chemosynthetically-derived organic matter (Fig. 3-5e). However, this
POM fraction only made up ~0.5% of the entire Sulphur Springs TOC flux (Table 3-3), and the TOC
fraction exhibited a mean δ13C value of -26 ± 0.6‰ (n = 6 dates; Fig. 3-5c). This showed that while
chemosynthesis was a measurable component of the internal Sulphur Springs carbon cycle, terrigenous
organic carbon overwhelmingly dominated Sulphur Springs TOC flux (Fig. 3-5e). While insignificant
relative to terrigenous exports, the annual chemosynthetic production of Sulphur Springs Cave was from
138-475 kgC yr-1, with a mean estimate of 307 ± 70 kgC yr-1 (assuming steady state conditions; n = 70).
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Figure 3-5. Investigation of carbon cycle impacts on Sulphur Springs. A) The Sulphur Springs Cave
white biofilm that was sampled for this study. B) One of the submerged sinkholes located hydrologically
up-gradient of Sulphur Springs. Water surface is covered with floating aquatic vegetation.
C) Measurements of δ13C from organic and inorganic material in the Sulphur Springs system. D) Trophic
positions of Sulphur Springs biofilm and sinkhole organic material based on δ15N measurements. Symbol
meanings are the same as those in Panel C. Error bars represent 1 std dev of means. E) Relative
contribution organic carbon produced via chemosynthesis to Sulphur Springs ecosystem components.
100

Discussion
Anthropogenic changes to Hillsborough River Estuary organic carbon quantity and character
The first aim of the current study was to determine if the supplementation of Hillsborough River
water with groundwater has altered organic carbon fluxes in the Hillsborough River Estuary.
Observations of TOC measured below the dam from 1974-1985 provided a control for other
anthropogenic changes to the Hillsborough River and its watershed over the past ~50 years. There was no
change in average below-dam TOC concentrations during wet or dry seasons from this period to the
present (Fig. 3-2, Table 3-1). During the 2010-2018 study period, however, there was a significant
decrease in dry season TOC concentrations below the dam when groundwater diversions occurred (Fig. 32, Table 3-1).
The impact to TOC observed at the head of the Hillsborough River Estuary permeated
downstream (Fig. 3-3a). When groundwater diversions occurred, estuary head TOC concentrations were
not significantly different from those of the estuary mouth (Fig. 3-3a). Under more natural river flow
conditions, estuary head TOC concentrations were always significantly higher than those of the mouth
(Fig. 3-3a). During groundwater diversion periods, the TOC concentrations of all the estuary stations
except for the mouth exhibited significant relationships with the TOC concentrations borne by Sulphur
Springs (Fig. 3-3b), which indicated that this reduction of estuary TOC was not simply due to the
increased influence of tidal bay water. This was further demonstrated by the finding that during
groundwater diversion periods, approximately half of the organic carbon flux delivered to the upper
estuary was sourced from Sulphur Springs (Fig. 3-4c). In terms of quantity and source of organic carbon
delivered to the Hillsborough River Estuary, groundwater supplementation of river discharge essentially
produced a third major season, in addition to the natural wet and dry seasons (Figs. 3-2, 3-3, 3-4).
The potential ecological impacts of groundwater diversions on the Hillsborough River Estuary
become apparent when reduced organic carbon delivery is considered alongside changes to other water
quality parameters. Local management agencies have found that the use of groundwater to supplement
Hillsborough River discharge increases water clarity in the estuary (SWFWMD 2015). Studies of
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estuaries under natural flow conditions have also found that reduced delivery of riverine organic carbon
increases estuarine water clarity (Andersson et al. 2018). In these cases, increased water clarity induces
the growth of phytoplankton. Phytoplankton primary production is more efficiently transferred through
food webs to top consumers than is river-borne dissolved organic carbon, which first must be taken up by
heterotrophic microbes and then several other consumer levels before its energy reaches top consumers
(Hoffman et al. 2008, Degerman et al. 2018). The efficiency with which phytoplankton primary
production is integrated into food webs offsets potential negative trophic impacts on estuary ecosystems
when riverine organic carbon delivery is reduced. However, increased water clarity in the Hillsborough
River Estuary as a result of groundwater supplementation does not correspond to increased phytoplankton
growth, due to the groundwater bearing low inorganic nutrient concentrations (SWFWMD 2015).
Therefore, groundwater supplementation in the Hillsborough River Estuary would be expected to reduce
estuarine basal production (i.e., the combination of phytoplankton and heterotrophic bacterial production),
which might have major food web repercussions (Degerman et al. 2018).
To minimize potential ecological impacts on the Hillsborough River Estuary (Fig. 3-6), resource
managers should increase reservoir releases relative to diversions from groundwater sources. If the
current strategy persists, the third season induced by groundwater diversions will likely truncate
Hillsborough River Estuary food webs, which support marine wildlife and sport fisheries. Following this
suggestion would also decrease the intensity of groundwater extraction from Sulphur Springs. Further
groundwater extraction will increase rates of seawater intrusion at Sulphur Springs (Scharping et al.
2018), and will exacerbate any ecological changes that this phenomenon has caused in the underlying
cave.

Subterranean estuary development as a consequence of anthropogenic seawater intrusion
The second aim of the current study was to determine how groundwater extraction activity from
Sulphur Springs might impact the underlying cave ecosystem. The vast majority of Sulphur Springs TOC
flux was derived from land plant photosynthesis (Fig. 3-5c), but Sulphur Springs TOC concentrations did
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not vary with season (Fig. 3-3a). It is therefore unlikely that this terrigenous organic carbon was sourced
from recent sinkhole inputs, which have a greater influence Sulphur Springs geochemistry during wet
seasons when thunderstorms occur almost daily (Wallace 1993, Scharping et al. 2018). Alternatively, the
terrigenous organic carbon flux from Sulphur Springs might have been sourced from buried organic
carbon. The redox gradient conditions of subterranean estuaries, such as those found in Sulphur Springs
Cave, support microbial heterotrophic liberation of buried and otherwise recalcitrant organic carbon (Kim
et al. 2012, Suryaputra et al. 2015). Heterotrophically-liberated organic carbon can contribute
substantially to the organic carbon exports of subterranean estuary ecosystems. If this is the case for
Sulphur Springs, this would suggest that organic carbon exports from this spring were much older and
probably less bio-reactive than the organic carbon that would have otherwise been delivered to the estuary
via the Hillsborough River. Because Sulphur Springs borne organic carbon accounts for about half of the
Hillsborough River Estuary organic carbon flux when groundwater diversions occur, low bio-reactivity of
Sulphur Springs organic carbon would aggravate the estuarine basal production problem discussed above.

arge

area

Oxidizing
compounds

Continued pumping and
sea level rise will expand
the redox-gradient habitats
of chemosynthetic bioﬁlms,
which will alter carbon cycling
in this coastal aquifer and
in downstream ecosystems

oles

Sinkh

Che

mo

Fre

sh

gro

und

wat

er

syn

sions
Diver dam
to

Estua
g

ry

Sprin

n

Ocea

om
ure fr
Press e head,
in
r
s
a
m
sing a
increavel rises
sea le

the

sis

Reducing
compounds

Groundwater extraction has
induced vertical migration of
seawater-sourced groundwater
into freshwater aquifer zones

River

Pressure from
meteoric recharge

Rech

Usi
ng
sup extra
c
ple
m ted
org has a ent riv ground
lter
ani
c ca ed er disc water
t
rbo deliv har
n to ery ge o
the of
est
uar
y

Se
wedawate
ge r

Saline

r

dwate

groun
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103

The formation of the subterranean estuary in Sulphur Springs Cave likely occurred in recent
decades as a result of groundwater extraction and sea level rise (Fig. 3-6). In 1946, Sulphur Springs
discharged fresh groundwater with no evidence of being impacted by seawater intrusion (Scharping et al.
2018). This suggests that prior to 1946, Sulphur Springs did not host a subterranean estuary, nor its
associated redox gradients. Since then, the salinity of Sulphur Springs discharge has increased ~10-fold,
coupled with a shift in aqueous geochemical signature toward that of seawater (Scharping et al. 2018).
During this time period, Tampa Bay level has increased by 2.78 ± 0.24 mm yr-1, or ~20 cm since 1946
(NOAA 2019). Sulphur Springs salinity increased relatively slowly from 1946-2002 (Scharping et al.
2018), and it is likely that sea level rise at this rate contributed the first establishment of a subterranean
estuary in Sulphur Springs Cave. After 2002, the seawater intrusion rate at Sulphur Springs was
accelerated by intense extraction activity related to the Hillsborough River groundwater supplementation
strategy (Scharping et al. 2018). This rapid increase in seawater intrusion rate has probably expanded
subterranean estuary habitat in Sulphur Springs Cave since 2002 (Fig. 3-6).
Besides potentially supporting heterotrophic liberation of buried organic carbon, the Sulphur
Springs Cave subterranean estuary hosted an autotrophic chemosynthetic microbial community (Fig. 3-5).
Carbon and nitrogen stable isotope ratio analyses helped characterize Sulphur Springs trophic interactions
because with each successive trophic level, δ13C values are enriched by 0-1‰ and δ15N values are
enriched by 3-5‰ (DeNiro and Epstein 1978, Minagawa and Wada 1984, Peterson and Fry 1987). These
stable isotope analyses showed that chemosynthetic white biofilm and surface-derived organic matter
made up the base of the Sulphur Springs food web (Fig. 3-5). The brown biofilm that grows abundantly in
the cave was probably metabolically dominated by heterotrophs, which consumed a mixture of
photosynthesis- and chemosynthesis-sourced organic matter being transported along the Sulphur Springs
groundwater flow-path (Fig. 3-5). Organic matter produced by chemosynthesis dominated the particulate
organic carbon exports of Sulphur Springs (Fig. 3-5), though the particulate fraction was negligible
compared to the dissolved fraction (Table 3-3). The development of chemosynthesis-supporting habitat in
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an aquifer ecosystem is an intriguing consequence of seawater intrusion, and is a newly identified impact
of human activity on the land-ocean aquatic continuum (Fig. 3-6).

Conclusions
This study demonstrated how the use of extracted groundwater to supplement river discharge
impacts carbon cycling in estuaries and coastal aquifers. Groundwater supplementation of river discharge
dramatically changed the quantity and source of organic carbon delivered to the Hillsborough River
Estuary. This strategy reduced seaward organic carbon flux in the estuary by an order of magnitude, and
simultaneously increased the average contribution of groundwater-borne organic carbon to estuarine flux
by ~40%. Furthermore, groundwater extraction from Sulphur Springs in support of this strategy
accelerated seawater intrusion in the underlying karst aquifer (Scharping et al. 2018). This helped
establish a subterranean estuary in Sulphur Springs Cave, which hosted strong redox gradients (see
Chapter Two). These redox gradients supported the growth of chemosynthetic microbial biofilm, and
chemosynthetically-produced organic carbon measurably contributed to the internal food web and to the
particulate organic carbon exports of this ecosystem. Overall, these results demonstrated how
anthropogenic activity can modify energy flow across the land-ocean aquatic continuum (Fig. 3-6).
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CONCLUDING REMARKS
THE POTENTIAL ROLE OF KARST SUBTERRANEAN ESTUARY
CHEMOSYNTHESIS IN THE COASTAL LANDSCAPE

Review of landscape ecology and chemosynthesis
As the principles of ecological science continue to develop, biologists gain an increasingly broad
perspective of the fundamental processes that support life. Lindeman (1942) was among the first to
characterize processes of energy transfer between trophic levels of a biological community, and redefined
how ecologists think about nature by emphasizing the arbitrary delineation between organisms and the
abiotic environment upon which living things depend. Using Tansley’s (1935) ecosystem concept and the
careful study of Cedar Bog Lake, Lindeman (1942) was able to characterize a local-scale community not
by the taxonomic structure of its constituents, but instead by their trophic interactions. Over the next
several decades, ecologists took this perspective further and began recognizing the importance of energy
transport across ecosystem boundaries (Fisher and Likens 1973). The integration of ecological processes
with geographical dynamics led to the formalization of landscape ecology as a scientific discipline, in
which the quantification of energy flux among heterogenous networks of ecosystems is of key research
interest (Forman and Godron 1981, Wu 2013). Some ecosystems act as biogeochemical hotspots and
generate enough output to enhance nutrient cycling activity in surrounding landscapes (Cain et al. 2011).
The identification of these keystone ecosystems allows for scientists and resource managers to develop
effective conservation plans and characterize biotic-abiotic interactions on a regional scale.
An ecological principle that has undergone redefinition in recent decades is the relative
contribution of non-photosynthetic inorganic carbon fixation mechanisms to global carbon cycling
(Jannasch and Wirsen 1979, Jannasch 1985). In landscapes where permanent darkness precludes
photosynthetic activity, such as on the deep ocean floor or in aquifers, ecosystems that support other
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avenues of inorganic carbon fixation are of keystone importance. Chemosynthetic microbial communities
are important to food webs in these environments because they can release energy from hydrogen sulfide,
ammonium, methane, and other reduced chemical compounds to generate biomass. Deep sea
hydrothermal vent and cold seep ecosystems worldwide support dense biological communities that are
dependent on microbial chemosynthetic activity, and export chemosynthetically-derived organic matter to
the surrounding landscape via the movement of vagrant consumers and through hydrological forces
(Kelley et al. 1998, Levin and Michener 2002, MacAvoy et al. 2002, Sahling et al. 2003, Levin 2005,
Pohlman et al. 2011, Levin et al. 2016, Bell et al. 2017, McNichol et al. 2018).
In some landscapes, the influence of chemosynthetic production from dark ecosystems is
measurable even as it is exported to nearby photosynthesis-dominated ecosystems. Chemosyntheticallyderived biomass contributes significantly to the larval invertebrate food web of a shallow alluvial aquifer
in Montana, USA, and is exported to surrounding floodplain ecosystems when larvae emerge as flying
adults (DelVecchia et al. 2016). In English chalk rivers, chemosynthetic production can dominate the base
of some streambed food webs (Sampson et al. 2019), and chemosynthetic exports from these hyporheic
sediments can account for up to 13% of riverine particulate carbon production (Shelley et al. 2017). The
trophic structures of many deep karst aquifer void spaces exhibit a significant chemosynthetic component
(Brigmon et al. 1994, Sarbu et al. 1996, Southward et al. 1996, Airoldi and Cinelli 1997, Pohlman et al.
1997, Humphreys 1999, Holmes et al. 2001, Opsahl and Chanton 2006, Seymour et al. 2007, Dattagupta
et al. 2009, Engel and Randall 2011, Tetu et al. 2013, Hutchins et al. 2016, Brankovits et al. 2017), but
the export of karst aquifer chemosynthetic material to nearby sunlit ecosystems has only recently been
shown (see Chapter Three). Demonstrating whether deep aquifer chemosynthesis influences organic
carbon fluxes in surface ecosystems would add to the emerging paradigm that chemosynthesis can
support photosynthetically-active landscapes.
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Chemosynthetic exports from karst subterranean estuaries to the coastal landscape
One type of aquifer environment that delivers considerable quantities of organic carbon to surface
ecosystems is the subterranean estuary (Moore 1999, 2010). Subterranean estuaries are biogeochemical
hotspots that occur globally in coastal granular and karst aquifers where seaward-flowing groundwater
interacts with landward-intruding seawater. The contributions of terrigenous and marine-sourced
materials to karst and granular subterranean estuary organic carbon exports have been well-studied
(Moore 2010, Kim et al. 2012, Suryaputra et al. 2015, Pain et al. 2019, Webb et al. 2019). Conversely,
while chemosynthesis occurring in karst subterranean estuaries contributes to the internal food webs of
these ecosystems (Pohlman et al. 1997, Brankovits et al. 2017), the influence of autotrophic production on
carbon exports from any type of subterranean estuary has not been considered beyond this dissertation
(see Chapter Three).
Beneath Tampa, Florida, the Sulphur Springs karst subterranean estuary hosts redox gradient
habitats that support the growth of sulfur-oxidizing chemosynthetic biofilm (see Chapter Three). Material
produced by Sulphur Springs chemosynthetic microbes generated an annual organic carbon flux of ~300
kgC yr-1, a value 1-2 orders of magnitude greater than the chemosynthetically-derived organic carbon flux
of Crab Spa, a deep-sea hot spring on the East Pacific Rise (McNichol et al. 2018). This value is small
relative to the flux of terrigenous organic carbon exported by Sulphur Springs, and especially
insignificant relative to the annual organic carbon flux of the swamp-fed Hillsborough River, into which
Sulphur Springs discharges (see Chapter Three). However, many more brackish springs in west-central
Florida are associated with subterranean estuaries that host strong redox gradients (Garman 2010). Many
of these systems discharge into environments that are more oligotrophic than the Hillsborough River,
such as streams that are primarily groundwater-fed throughout the year or the coastal ocean. The
discharge of chemosynthetically-produced organic carbon from karst subterranean estuaries could account
for a meaningful component of the carbon budgets of some oligotrophic coastal ecosystems.
Groundwater-borne organic carbon might play a substantial role in coastal ocean carbon budgets,
yet the dynamics of organic carbon discharge from aquifers into shelf waters are poorly constrained
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(Najjar et al. 2018). Future studies should continue to address how specific ecological and
biogeochemical processes modify carbon within aquifers before it is exported into the coastal ocean via
groundwater discharge. Karst subterranean estuaries uniquely provide access to groundwater
biogeochemical hotspots, which makes targeted, detailed investigations of aquifer organic matter
production possible. Quantifying the contribution of chemosynthetically-derived karst subterranean
estuary organic carbon exports to the coastal landscape would be a major step forward in improving
foundational knowledge of the role of aquifer environments in coastal carbon fluxes. New information
about the prevalence of aquifer autotrophic activity would also add to broad understanding of coastal
carbon storage (e.g., Mcleod et al. 2011).
Findings from this type of research will also show how sea level rise and groundwater extraction
will influence aquifer carbon cycling and how such changes will impact coastal landscapes. These
processes can induce the vertical infiltration of sulfide-laden saline groundwater into oxidizing freshwater
zones (Scharping et al. 2018; and see Chapter Two), which would generate or expand habitat for sulfuroxidizing chemosynthetic microbes (see Chapter Three). Finally, if increases in aquifer chemosynthetic
activity induced by anthropogenic processes add to the quantity of groundwater-borne organic carbon
exported to coasts, this could increase ecosystem respiration rates and the production of carbon dioxide, a
major greenhouse gas (IPCC 2014), in groundwater-fed coastal environments.
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